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SUMMARY

The objective of this work was to assemblc and analyze fragmeatation
data for exploding liquid propellant vessels. These data were to be retrieved
from reports of tests and accidents, including measurements or estimates of
blast effects, fragment velocities, masses, shapes, and ranges. Correla-
tions were to be made, if possible, of fragmentation effects with type of acci-
dent, type and quantity of propellant, blast yield, etc. A significant amount
of data was retrieved from a series of tests conducted for measuremert of
blast and fireball effects of liquid propellant explosions {Project PYRO), a
few well-documented accident reports, and a series of tests to determine
autoignition properties of mixing liquid propellants. The data were reduced
and fitted to various statistical functions. Comparisons were made with
methods of prediction for blast yield, initial fragment velocities, and frag-
ment range. Reasonably good correlation was achieved. Methods presented
in the report allow prediction of fragment patterns, given type and quantity
of propellant, type of accident, and time of propellant mixing. However,
more work must be done before the results of this study can be easily applied
to estimation of damaging effects of fragments from exploding liquid pro-
pellant vessels.

xii
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INTRODUCTION

Background

The primary hazard relating to large-scale explosions has in the past
been assumed to be the blast wave generated by the explosion. Thermal ef-
fects have been considered next, and effects of damaging fragments last.

This study attempts to partially rectify this situation by providing a compre-
hensive analysis of fragmentation effects of bursting liquid propellant vessels.

In storage or in a launch configuration wirhin tankage in a rocket motor,
liquid propellants are initially contained within vessels of various sizes, ge-
ometries, and strengths, Various modes of failure of these vessels are
possible, from either internal or external stimuli, If the vessel is pressur-
ized with static interral pressure, oneé pos sible 1node of failure is simply
fracture, instituted at a critical size flaw and propagated throughout the
vessel. A similar kind of failure can occur if the vessel is accidentally im-
mersed in a fire, and pressure increases internally because of vaporization
of the internal propellant. Some launch vehicles have the liquid fuel and ox1i-
dizer separated by a common bulkhead. Accidental over-pressurization of
one of these chambers can cause rupture of this bulkhead, and subsequent
mixing and explosion of the propellant. External stimuli which can cause
vessel vailure include high-speed impact by foreign objects, accidental detc-
nation of the warhead of a missile, dropping of & tank to the ground (as in
toppling of a missile on the launch pad), as well as many other external
sources. Vessel failure can result in an immediate release of energy or it
can cause subsequent energy release because of mixing of propellant and
oxidizer and the subsequent ignition. Other modes of failure which have re-
sulted or could result in vioient explosions are fall-back immediately after
launch due to loss of thrust, or low-level failure of the guidance system after
launch with subsequent impact into the ground at several hundred feet per
second.

Failure of a vessel containing liquid propellants can result in various
levels of energy release, ranging from negligible to the full heat value ot the
combined propellant and oxidizer. Toward the lower end of the scale of
energy release might be the failure of a pressurized vessel due to crack pro-
pagation, Here, the stored pressure energy within the compressed propellant
or gas in an ullage volume above the propellant could accelerate fragments of
the vessel or generate a weak blast wave. In the intermediate range of energy
releases could lie vessel failure Ly external stimulus and ignition, either very
rapidly or at very late times, so that only small proportions of mixed pro-
pellant and oxidizer contribute to the energy release. At the upper end of the
scale could be the explosion of a mixed propellant in a vessel wherein a pre-
mixed propellant and oxidizer detonate in much the same fashion as a high
explosive, and explosions resulting after violent impact with the ground, In

—— . T
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past studies of possible blast and fragmentation effects from vessel rupture,
a critical problem has been to accurately assess the energy release as a re-
sult of the accident or incident. A common method of assessment of possible
energy release or a correlaticn of the results of experiments has been to
assess the energy release on the basis of equivalent pounds of TNT. This
method is used because a large body of experimental data and theoretical
analyses exist for blast waves generated by TNT or cther solid explosives
(refs. 1 and 2). Although the comparison with TNT is convenient, the corre-
lation is far irom exact. Specific energies which can be released, i.e.,
energy per unit volume or mass of reacting material, differ quite widely be-
tween TNT and various liquid propellants or mixtures of liquid propellants
and oxidizers (ref. 3).

Dependent on the total energy release and the rate of this energy re-
lease, the sizes and shapes of fragments generated by liquid bursting pro-
pellant vessels and their appurtenances cover a very wide spectrum. At one
extreme is the case of a vessel bursting because of seam failure or crack
propagation from a flaw wherein only one "fragment'' is gencrated, the vessel
itself. This fragment, from a very slow reaction, can be prenelled by re-
leasing the contents of the vessel. At the other extreme is the conversion of
the vessel and parts near it into a cloud of small fragments by an explosion
of the contents of a vessel at averyrapid rate, similar to a TNT explosion
(refs. 4 and5), For mostaccidental vessel failures, the distribution of fragment
masses and shapes undoubtedly lies between these two extremes. The modes
of failure of the vessel may be dependent upon details of construction and the
metallurgy of the vessel material. Some of the masses and shapes are dic-
tated by the masses and shapes of attached or nearby appurtenances. In any
event, assessment and prediction of these parameters undoubtedly is much
more difficult than is true for the better understood phenomenon of shell
casing fragmentation,

Once the masses, shapes, and initial velocities of fragments from
liquid propellant vessels have been determined in some manner, then the
trajectories of these fragments and their losses in velocity due to air drag or
perforation or penetration of various materials must be computed. This pro-
blem is ona of exterior ballistics. It differs from conventional exterior
ballistic studies of trajectories of projectiles, bombs, or missiles in that
the body in flight is invariably very irregular in shape and is usually tumbling
violently. Exact trajectories cannot be determined then in the same sense
that they can be for well-designed projectiles. Only approximate trajectories
can be estimated, usually by assuming ''equivalent spheres'' o1 other geo-
metric shapes for which exterior ballistics data and techniques exist, But, in
some fashion, one can predict the ranges and impact velocities for fragments
which were initially projected in specified directions from the bursting vessel
with specified initial velocities. An example of results of such analysis is
given by Ahlers (ref. 6).

S - R . - T i e -




L. e AR W i  mm A B A See !

This problem is not complete until one can assess the effect of frag-
ments from the burst propellant vessels on various ''targets''. For a proper
assessment of hazards, one should consider a wide variety of targets, in-
cluding human beings, various classes of buildings, vehicles, and perhaps
even aircraft. Problems of this nature are exceedingly complex, not only
because of the inherent statistical nature of the characteristics of the im-
pacting fragments but also because the terminal ballistic effects for large
irregular objects impacting auy of the targets described are not very well
known. In mcst past studies of fragment damage from accidents, the investi-
gators have been content to simply locate and approximate the size and mass
of the fragments in impact areas and have ignored the important problem of
the terminal ballistic effect of these fragments.

Related Work

Extensive studies have been carried out over many years regarding
the potential failure of nuclear reactor vessels from a variety of causes. The
source of energy causing a reactor vessel failure can be the stored compres-
sive energy in a liquid or gas within the containment vessel, the chemical
energy release, or the uncontrolled nuclear energy release. The latter source
is, of course, not present in the failure of liquid propellant vessels, but the
first two sources are present. Although rany of the studies of nuclear re-
actor vessels have concentrated on the design of the pressure vessel and the
attachments to it to obviate failure, many other studies also have been con-
cerned with shock and fragraentation effects in the event tnat failure does
occur. The literature in this field is far too voluminous to cite otl.er than to
give a few examples which are indicative of the parallels between these studies
and those reported here. The specific references given all relate to produc-
t:>n of or containm.ent of fragments caused by vessel failure.

The first of these references cited is a review paper by Gwaltney (ref,
7) on missile generation and protection in one class of a nuclear power plant.
Various types of vessel failure are considered and reviewed and formulas are
given for estiimations of velocities with which fragments will be ejected after
failure. Effects of impact of the fragments are discussed, and a number of
empirical penetration formulas for metal missiles penetrating and perforating
steel and .oncrete are given, The paper alsc ir.cludes a simplified discussion
of posaibls shock wave effects caused by the release of energy after vessel
rupture. The second paper is reference 8. This is the final report of a multi-
year experimental and analytical investigation by Stanford Research I[nstitute
of the problems of generation and containment of fragments generated by a
runaway reactor. More details of various phases of the investigation are
given in additional 6 -month progress reports predating reference 8. Many of
the aspects of the work reported in reference 8 are similar to the study re-
ported here. Attemnpts were made to simulate the energy release rates ir the
erent of reactor runaway by use of slow-detonating explosives and fuses.




These sources of energy release were used to apply pressure within model
containment vessels and models of surrounding materials such ac concrete.
Failure of these model vessels was observed using high-speed cameras to
determine velocities and initial trajectories of the fragments. In a parallel
investigation, the Stanford Research Institute staff conducted a series of ex-
periments simulating impacts by long, slender missiles such as reactor con-
trol rcds. Penetration formulas for such rods striking steel plates were
developed as part of the effort.

A gcod general listing of the classes of problems considered in nuclear
reactor containrnent studies can be found in reference 9, which reports papers
on reactor safety given at the Second International Conference on Peaceful
Uses of Atomic Energy. In particular, reference 1C, one of the papers in the
Proceedings of the conference, discusses various sources of energy release
and gives approximate lirnits to the magnitudes which can be expected, con-
siders ways of attenuating blast energy and of stopping fragments, and gives
in general a good overall review of the range of problems one must consider

in reactor containment studies.,

The explosive behavior of bombs, grenades, mines and warheads has 1
always commended wide attention, and the most commonly used bombs are i
usually constructed from suitably corrugated steel casings, either fully or J
partially filled with explosives. Interest in the mechanics of fragmentation
has largely been directed towards trying to predict the influence of casing 1
material and wall thickness, the size of the explosive charge, and the type of i
explosive on the fragmentation velocity and the expanded radius of a casing at
which fracture occurs.

[n a series of papers (refs. 4, 5, 11 through 14), there has evolved a
simple approximate treatment for the acceleration of fragments by high ex-
plosives. The basic assumption made was that the potential energy in the
charge before detonation was equal to the kinetic energy of the charge and
casing after detonation and expansion. It was also assumed that, after detona-
tion, the gaseous detonation products were equally dense at all points and ex-
panding uniformly. Formulas for fragment velocity at the radius for case
breakup (essentially the maximum velocity) are presented in these references
for various regular geometries of cased explosive charges. All are of the
form

U - f(tlg, M/C) (1

where J is velocity and is a function of heat of explosion Hg, total cas:»g
mass M, and mass of the explosive charge C,

If the results of accidents involv:ag explosions of liquid propellant
vessels are well documented, they can provide useful data to assist in the
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assessment of this problem. Some have indeed proven useful sources for our
study, as we will document in later sections of this report. Although acci-
dent reports are useful in documenting the gross effects of vessel explosion,
determining the maximum ranges to which fragments are projected, and indi-
cating shapes and masses of fragments, they are often of less value in assess-
ing this problem than are controlled experiments., Because they are accidents,
usually there is no measure of blast yields, fragment trajectories, and other
data that would be useful in analysis of vessel failure and subsequent effects.

Project PYRO involved many test explosions with liquid propellants.
The purpose of Project PYRO (refs. 15 through 17), was ''to develop a reliable
philosophy for predicting the damaze potential which may be experienced from
the accidental explusions of liquid prop:ilants during launch or test opera-
tions of military missiles or space vehicles''. Three combinations of propel-
lants and oxidizers were chosen for test and evaluation, and at least seven
agencies were invclved in the program. The primary objective was to esti-
matz blast yield and its efiects. The effects of fragmentation were secondary !
in the study. But, Jeffers (ref. 18) analyzed a small number of the photo-
graphic records to determine fragment velocity. As is apparent in later sec-
tions of this report, the films from Project PYRO, when studied carefully,
provide the primary source of data for initial velocities for liquid propellant
explosions.

There are a nurmber of experirnental studies and analyses of the ef-
fects of bursting pressure vessels which fail under the action of internal
energy sources other than liquid propellants. A number of these can provide
useful information for the problem at hand. Some specific examples follow.

Hunt, Walford, and Wood (ref. 19) have conducted an experimental
studv of the failure of a pressure vessel containing high temperature pres-
surized water. In this study, the authors observed the failure of a vessel
with high-speed cameras and also located a number of blast transducers near-
by to measure the resulting shock wave generated in the surrounding air.
They also generated equations for calculation of velocities of the fragments
resulting from burst of the vessel. In a somewhat similar study, Larson and
Olson (ref. 20), measured the air blast effects from bursting pressure vessels
i containing high pressure gas. In this study, the authors also observed tie
flight of fragments from the bursting vessel and developed an empirical
method for estimating fragment velocities based on an energy balance and
knowledge of the strength of the shock wave generated by the bursting vessel,
In a scmewhat different category than the two previous studies are analyses
and predictions of the effects of rupture of pressure vcasels ¢ ocntaining high
pressure gases. An excellent example of such analyses is a compendium of
gas autoclave engineering studies, edited by C. E. Muzzall (ref. 21). This
compendium is an exhaustive study of the possible hazards associated with

failure of a large, cylindrical vessel containing high pressure, high temper-
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ature argon. Estimates are made of both the blast and fragmentation hazards
in the event of failure of the vessel, of the effects of both fragments and blast
on a test cell within which the vessel is operated, and recommendations for
redesign of the test cell to withstand both blast and fragmentation effects, A
second study of this same nature, but on a much more limited basis, is a re-
port by Baker, et al., (ref. 22), on the possible effects of failure of a high
pressure helium vessel while under test in a NASA vibration and acoustic test
facility. H ‘e, blast and fragmentation effects were estimated in the event of
failure of the vessel, blast loading and response of the walls of the test fa-
cility were computed, as were possible penetration effects by fragments of the
vessel, The report concluded with recommendations for modification of “est
procedures to obviate the very real hazards in the event the helium pressure
vessel failed,

Purpose of Present Work

The purpose of the work reported here is to assemble fragmentation
data for bursting liquid propellant vessels, analyze these data, and develop or
modify methods of prediction of fragmentation effects of such explosions. An
additional purpose is to enter all relevant reports, data, etc., into a data bank
at the NASA Aerospace Safety Research and Data Institute (ASRDI).

Scope of Present Work

The primary purpose of this study and analysis is the retrieval, assem-
ly and recording of available data regarding fragments from exploded vessels
that contained liquid propellants or substances that have similar chemuical
properties. These data cover both test and accidental explosions and include
blast yield, fragment sizes, frayment trajectories, fragment velocities, and
a description of damage caused by the fragments.

The second part cf the study and analysis shall be that of reducing the
available data to a form most readily usable by aerospace engineers, for es-
timation of the integrated shrapnel hazard to which neighboring structuvres
wili be subjected. This reduction of the da‘a shall be in the form of equations
that will relate the blast yield to the nature and quantities of fuel and oxidants
and to various parameters describing the type of explosion, and in the form of
equations that will relate the blast yield to distributions of fragment size,
initial fragment velocity, and initial direction of fragment moticn,

Significance

It is believed that this report contains the first comprehensive

stady of fragmentation effects of bursting liquid propellant vessels, The re-
sults of this work should provide a better understanding of such fregment
characteristics as initial velocity, mass, shape, and range as thev relate to




]

.

eI

estimated blast yield of exploding liquid propellant tanks. These charac-
teristics used with munition fragment equations could predict the terminal
or impact velocities of these fragments. Thus, it is possible to derive cri-
teria that allow for the prediction of fragment hazards to people or the risk
of damage to nearby facilities from the impact of these fragments. These
criteria could be used to arrive at safe distances between populated areas

at launch or test stands for fragments and overpressure hazards that are
caused by exploding liquid propellant tanks. Moreover, intra-line separation
distances can be established that would decrease the risk of damage to near-
by facilities or systems from fragment impact; or, with a prediction of im-
pact energy of fragments, barriers could be properly designed to protect
these facilities at intra-line separation distances.

Statistical fitting to data on fragment range R versus measured
terminal blast yield Y gave the following equation:

R - 314.74 ¢0-2775

A

wkere R is the mean range in feet, and Y is the terminal blast yield in
percent TNT equivalent. Fitting to data on fragment weight W and mean
presented area A gave the equation

0.7
- 9.864 (A/W2/3y 8

el

where W is fragment weight in pounds and A is mean fragment presented
area in square inches, These two equations can be used for prediction, sub-
ject to restrictions and limits noted in the body of the report. Also incluaed
in Part 1V are distribution functions for fragment initizl velocities for var-
ious types of accident, which can be used to predict distributions of fragment
sizes and masses for other postulated accidents.

Estimates of the distributions of the initial velocities for four specific
combinations of configurations and propellants were de rived. In a)! four
cases, the initial velocity (Ui) in ft/ sec. followed a log normal distributinn
furlctior}\. The distribution functions for the four cases are given Yelow, where

A ~ . . . B .
% and~ are estimates of means and standard deviations of «ua U, respectively:

. Confined by Missile (CBM), LOZ/LH, propellant

A A
£(U W ~) =(1/2.4752 U, ) exp [ (in U —6.464)2/1.9%05)]

2. CBM, LOZ/RP-I propellant

A A -
f(UGY, )7 (1/1.5824 U.)  exp [-ttnvu - 6.713)5/0.7071]

-1
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3. Confined-by-Ground-Surface (CBGS), LOZ/LHZ propellant
A A 2
£(U;H, 0)=(1/1.9339U;) exp [- /4n U, - 6.129) /1.1904]
4. CBGS, LOZ/RP—I propellant

A A .
£U K, 0) = (1/1.6010 U exp [~ (¢n U, - 5.962)%/0. 8159]




I. RETRIEVAL OF FRAGMENTATION DATA FOR
LIQUID PROPELLANT VESSELS

The first task in this contract consisted of a series of contacts and
visits with various government agencies and contractors to ascertain the ex-
tent of data available on fragmentation from liquid propellant explosions,
either accidental or from planned tests, and to obtain pertinent data and re-
ports for entry into the data bank at the Aerospace Safety Research and Data
Institute (ASRDI) of NASA. The contacts and visits were supplemented by a
conventional literature search of the open literature and the Defense Docu-
mentation Center (DDC).

The work cornmenced with an initial visit to ASRDI, and temporary
trarsfer to SwRI of pertinent documents already acquired by the ASRDI staff.
Potential sources of data and individuals to contact at various agencies, in
addition to those already known to SwRI staff, were also identified during this
visit. We then made a series of telephone contacts to determine whether
specific agencies or firms had applicable data and could send such data to us,
and if a visit was desirable. All major NASA centers, several AEC labora-
tories, the military service ordnance laboratories, Air Force Eastern and
Western Test Ranges, the Department of Defense Explosive Safety Board, and
a number of commercial and other contractors were contacted during this
initial telephone survey. More than thirty such contacts were made. A num-
ber of the calls led to blind alleys, with no data available, or individuals who
might have had data or known of it being no longer present. But, other calls
unearthed potential sources of data and allowed appointments for visifs to
review these data.

Following the initial phone contacts, several SwRI staff members
visited those agencies which were potential sources of data. As much as
possible, trips were combined to agencies in the same general geogruphical
area. When the visits yielded applicable or potentially applicable documents,
reports or data, we tried to obtain them for permanent retention or loan, or
tried to arrange for them to be transmitted to SwRI, The results of these
visits are summarized in Table I, which lists the agercies visited, individuals
contacted at each agency, and the type of applicable data found to be available
to us at each agency. Several agencies had sufficient data or information to
warrant a follow-up visit to further discuss the data or to attemnpt to obtain it
for use on this contract. These agencies are indicated by an asterisk in
Table I. Of particular importance to this contract is the library of motion
pictures of the Project PYRO tests available at Air Force Rocket Propulsion
l.aboratory. We obtained these films, and they form the primary data base
for determination of initial fragment velocities from bursting propellant
vessels., Individuals visited at the various agencies were for the most part
very cooperative and helpful in obtaining or transmitting applicable data and
tocuments. [n at least one instance, however, we have not been able to obtain
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TABLE I - SUMMARY OF AGENCIES VISITED TO OBT.AIN

FRAGMENTATION DATA OR DOCUMENTS

i
!
|
|
|
i

Data Available
Individuals Docu- | Accident
Agency Contacted ments | Reports | Films | Other
Aerospace Safety Re- L. L. Pinkel X X X
search and Data » .’ C. D, Miller
iute, NASA-Lewis 2, M., Ordin
D. Forney :
% e
NASA-Kennedy J. H. Deese X X ‘ X
A, H.Moore
F.X.Hartman
A,J.Carraway
Air Force Eastern L. J. Ullian X X
Test Range” CPT R. PP,
Welborn
T. Fewell
Maj. K. Cailer
Dept. of Mech. Eng., Prof, E. A, X X X
Univ. of Florida™ Farber
Prof. E. Watts
Prof. J. Smith
Air Force Rocket J. G. Wancheck X X
Propulsion Lab. R. Thomas l
Edwards AF Base’ |
Aerospace Corp., R. Wolfe X X ‘s
El Segundo J. Smith !
R. Vega l
)
Air Force Space and CPT K. C. X l
| Missile Systems Org. Tallman J[
Gen. Elec. Co., P. V. King X :
Bay St. Louis, Miss, ’L :

This agency was visited twice to obtain data identified during the ’irst visit.;

i
§
|
|
i

JR—— |
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TABLE [. (Continued)
T - Data Available T
Individuals Docu- | Accident | i :
Agency Contacted ments | Reports E‘iln{;_i___g)ﬂt”‘_‘g\ v
| .
NASA-Marshall W. A, Riehl X ; {
Central Propulsion E. A, Cad- X | N I
Info Agency (CPIA), wallader 'g
Johns Hopkins Univ.,
Applied Physics Lab
- —— _4.}.- S G
Dept. of Defense Ex- Dr.T.A. Zaker X X } !‘
plosive Safety Board R, Perkins ] :
(DDESB) ! .
—_—— T T oo ot
| URS Research Co., C. Wilton X | ‘ X ' AN
| San Mateo, California | i, ;
!—. —_— e [L — —%_, . T U -
| U. S. Army Ballistic D. Dunn X ‘ :
! Research Labs. C. Kingery : : :
i A.J. Hoffman | t
1 1 } e <
) o
i 1 :
| | ; |
| | | 1 |
I ( |
l '
i 1
| :
!
| | |
1 , l i
\ | : 1 |
! ~ !
| ‘t |
e B O - J
11
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copies of accident reports which would provide useful fragmentation data, and
have not been able to include these data in our review and further analysis.

As documents and data were received at SwRI as a result of our initial
visit to ASRDI, our subsequent visits to other agencies, and our library and
DDC literature searches, we reviewed each document, completed ASRDI
form 102A for the documents and forwarded these forms to ASRDI. A total of
168 documents were reviewed in this manner, with various SwRI staff mem-
bers completing the Forms 102A for documents which fell within their tech-
nical specialties.

We believe that we have discovered and reviewed most of the pertinent
literature, data, and accident reports pertaining to fragmentation of liquid pro-
pellant rockets and vessels. There is, however, one possible exception.
There may be a body of fragmentation data in accident reports in the Air Force
Inspection and Safety Center at Norton Air Force Base, California, which we
could not review or obtain for legal reasons. These reports were reviewed by
staff members of the Center, and we have been notified that they contain no
data which could be used in our study. Because we were not allowed to re-
view the reports ourselves, we have no way of comparing them with other
accident reports which have provided useful data, nor do we know the criteria
applied by Norton personnel in assessing the potential value of specific reports
to this project.

12



II. DETERMINATICN OF BLAST YIELD
A. General

A prerequisite to estimation of fragmentation effects for liquid })ro;‘)el-
lant explosions is the estimation of energ' released during the explosion,
which is synonymous with explosive yield. Furthermore, to properly estimate
fragment velocities of appurtenances which can be accelerated by the blast
wave from propellant explosions, one must know the time histories of various
physical parameters describing the blast wave as a function of distance from
the explosion. We must therefore consider blast effects in scme detail, even
though this is a study of fragmentation.

Accidents with liquid propellant rockets, hoth during static firing on a
test stand and during launch, have shown that liquid propellants can generate
violent explosions. These explosions ndrive' air blast waves, which can
cause direct damage and can accelerate fragments or nearby objects. The
launch pads at the Air Force Fastern Test Range (ETR) have for a number of
years been instrumented with air blast recorders to measure the overpres-
sures generated during launch pad explosions, so some data are available on
the intensities of the blast waves generated. Such measurements, and the
common practice in safety circles of comparing explosive effects on the basis
of blast waves generated by TNT, have led to expression cf blast yields of
propellant explosions in equivalent ''pounds of TNT'". (Althougn a direct con-
version of pounds of TNT to energy can easily be made - 1 1b of TNT equals
1.4 x 109 ft-1b - this is seldom done.) w

Liquid propellant explosions differ from TNT explosions in a number of
ways, so that the concept of "TNT equivalence'' quoted in pounds of TNT is far
from exact. Some of the differences are described below.

(1) The specific energies of liquid propellants, in stoichiometric
mixtures, are significantly greater than for TNT (specific
energy is energy per unit mass). Table 1I, taken from ref. 3,
gives specific energies for a namber of ‘.iq\xid-propollam/
oxidizer mixtures, as ratios to TNT specific energy. INote that
all of the energy ratios in Table Il are greater than 1, and
range as high 2s 5.3.

(2) Although the potential explosive yield is very high for liquid
nropellants, the ac.ual vield 1s much lower, because propellant

and oxidizer are never intimately mixed in the proper propor-

tions before ignition.

13
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‘BLE II - DETONATION ENERGY EQUIVALENTS FOR

SELECTED LIQUID PROPELLANTS (REF. 3)

Specific
Energy
Oxygen/Fuel "ensxty (Relative
Ratio (gm/cm 2y to TNT)
Fuel Aluminum Triethyl Al (C, H5)3
Oxidizer Oxygen Oz ) 1.5 1.019 2.61
Fuel Aluminum Trimethyl Al (C’ H3)3
Oxidizer Oxygen O2 2.0 1.012 2.80
Fuel Pentaborane BSH‘?
Oxidizer Oxygen 02 2.35 1,075 2.29
Nitrogen Tetroxide N O4 3.35 1,220 3.36
I * 1.352 1.92
RFNA 1. 14 03. 3.35 i.352
Fuel Monomethylbydrazine C H3 ,NH NH
Oxidizer  Oxygen 0, 1.00 1, 007 2.11
Nitrogen Tetroxide N,O, 2. 17 1,253 2,58
IRFNA BN, |, 05 ,4 245 1. 460 3. 14
Chlorine Trifluoride C1l F3' ) 3.13 1.578 2.37
Fuel UDMH (C 3)2 N2 HZ
Oxidizer Oxygen 0, 1.70 1,009 2.85
Nitrogen Tetroxide N, O, 2.55 1. 246 2.33
. 3.16
IRFNA HN, 14 03.24 2.85 1,365
Fuel Hvdrogen HZ
Oxidizer Oxygen O2 5.00 . 968 5.30
Nitrogen Tetroxide NZ O4 5.25 1.211 3.87
Fuel Ammonia NH3
Oxidizer Oxygen O2 2.0 . 964 3.19
Nitrogen Tetroxide NZ O4 6.0 1.312 1.57
Fuel Hydrazine NZ £{4
Oxidizer Oxygen OZ 1, 00 1. 070 2.7
Nitrogen Tetroxide NZNO4 1. 30 1. 245 2.30
IRFNA H 1. 14 03'24 1. 50 1,342 3.17
Fuel 50% N2 H4—50% UDMH 1.875 N, +(CH3) NZ
Oxygeh o, 3.5 1,043 2.79
Nitrogen Tetroxide N 2 94 2.0 1,262 2. 40

* Inhibited Red Fuming Nitric Acid
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(3) Confinement of propellant and oxidizer, and subsequent effect
on explosive yield, are very different for liquid propellants and
TNT. Degree of confinement can seriously affect explosive
yield of liquid propellants, but has only a secondary effect on
detonation of TNT or any other solid explosive.

() The geometry of the liquid propellant mixture at time of ignition
can be quite different than that of the spherical or hemispherical
geometry of TNT usually used for generation of controlled blast
waves. The sources of cempiled data for blast waves from TNT
or Pentolite such as refercnces 2 and 3, invariably rely on
measurements of blasts from spheres or hemispheres of ex-
plosive. The liquid propellant mixture can, however, be a
shallow pool of large lateral extent at time of detonation.

(5) The blast waves from liguid propellant explosions show differ-
ent characteristics as a functicn of distance from the explosion
than do waves from TNT explosions. This is undoubtedly
simply a manifestation of some of the differences discussed
previously, bul it doues change the "TNT equivalence'' of a
"liquid-propellant explosion with distance from the explesion.
Fletcher (ref. 37) discusses these differences and shows them
graphically in Figs. 1 and 2. These differences are very cvi-
dent in the results of the many blast experiments reported in
Project PYRO (refs. 15-17). They have caused the coinage of
the phrase "terminal yield', meaning the yield based on blast
data taken at great enough distance from the explosion for the
blast waves to be similar to those produced by TNT explosions.
At closer distances, two different yields are usually reported:
an overpressurc yield based on equivalence of side-on peak
overpressures, and an itnnulse yield based on equivalence of
side-on positive impulses.

There exist at present at least three methods fur »stimating yield from
liquid propellant explosions, which do not necessarily give the sanw vredic-
tions. One method is based on Project PYRO results (refs. 15-17), and the
other two are the '"Seven Chart Approach' and the "Mathematical Model™ of
Farber and Deese {ref. 23). We next discuss each method and some back-
ground information.

B. Project PYRO and Related Experiments

Project PYRO was a joint NASA/USAF project conducted during the
period 1965-1967 with the purpose of Jetermining the blast and thermal char-
acteristics of three iiquid propellant combinations in most common use in

—
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military missiles and space vehicles. It included 270 tests with {ctal weights
of propellants ranging from 200 1b , to 100,000 1b . Most of the tests were
conducted at the Air Force Rocket Propulsion Laboratory (AFRPL) at Edwards
AFB, California. Prime contractor for much of the effort was URS Systems
Corp., Burlingame, California. The project was supervised by a Stecring
Committee of representatives from several NASA centers, the Air Force
Fastern Test Range. and the Sandia Corp.

The emphasis in Project PYRO was alrnost exclusively experimental,
Tests were designed to simulate various types of accidents which could cause
mixing and ignition of the propellants. The primary blast instrumentation was
an array of blast pressure transducers whose outputs as functions of time were
recorded on magnetic tape. (Although fragmentation effects were incidental to
the program objectives, high-speecd moticn picture cameras photographed most
of the tests, and our dati on fragment velorities are all obtained from these
films.) The results of the program were reported in a threv-volume final
report, with Vol. I (ref. 15) describing the program and giving overall results,
Vol., II (ref. 16) giving detailed test data, and Vol. II (ref. 17) giving predic-
tion methods based on the program results. In the PYRO effort, three basic
tvpes of accidents were cimulated. The first t pe consisted of failurc of an
interior bulkload separating fuel and oxidizer in 2 missile stage. This was
termed Confinement by the Missile (CBM). The seccond type of accident
included impacts at various velocities of tt missile on the ground, with «ll
tankage ruptured, and subsequent ignition. This was termed Confinenient by
the C.oound Surface (C3GS). The third tvpe was High Velocity Impact (H1V)

after launch.

Aithough Project PYRO generated much more daca on explosive vielus
oi liguid propellant explosions than all previous studies combined, several
~arlier oxperimental programs did give usciul data and should be mentioned
here. Arthur D. Little, Inc., (ref. 24) conducted a series of blast tests sir.-
ulating spills and igniticn on the ground of various combinations of prepellants
in the Saturn vehicles. The tests were designed to produce the maxinam
possible blast vield for this type of L ocident. with thorough mixing of furls and
ovidizer ~nd delays of ignition until such mixing was complete.  These anony-
mour investigators revorted bluoowave characteristics identical to those fron
T [ explosicns in the overpressure rangd of their measurer onts (100 psi),
and blast vields ranging from 0. 53 15 1,98 1b TNT/1b propellant. They also
cstimated maximum potential vields (even including offects of ifterburning o
unburned fuel with oxygen in the air) of considerably less than in Table I1.
Their predicted maxima are given in Table IIL.
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TABLE III

PREDICTED MAXIMUM BLAST YIELDS (REF. 24)

Propellant Ratio of Blast Energies,
1b TNT /1b Propellant

RP-1/LO, 1.25
LH,/LO, 3.70
P- .
RP-1/LO,/LH, 2.75

Another experimental effort prior to PYRO is reported by Pesante and
Nishitazashi (ref. 25). These investigators measured the blast waves gener-
ated by fuels and oxidizers which were violently mixed by explosively shat-
tering dewars containing one component, while the dewars were immersed in
a bath of the other component. Blast yields ranging from 0.23 - 0.80 1b TNT/
1h propellant were obtained in these experiments. (These tests also included
attempts to measure velocities of objects pla~ed near the blast wave, but no
useful data were obtained.)

The final set of tests prior to PYRO is apparently a series reported by
Gayle, et al. (ref. 26). Fuels and oxidizers were mixed by several different
methods (anticipating the two primary simulation methods in PYRO), and blast
wave properties measured as a function of distance. These investigators
showed a much greater spread in hlast yields for other methods of mixing than
spill tests, with much smaller yields being obscerved in most tests for simu-
lated bulkhead rupture, etc. Yields for LHZ/LO2 combinations were most
affected by the change in methods of mixing, being no greater than 0. 0l4 1b
TNT/1lb propellant for any of the tests.

From the test results reported in references 15 and 24 through 26, a
number of observations can be mare regarding blast yields from liquid propel-
lant explosions.

(1) The yield is very dependent on the mode of mixing of fuel and
oxidizer, i.e., on the type of accident which is simulated.
Maximum yields are experienced when intimate mixing is
accomplished before ignition.

18




() Blast yield per unit mass of propellant decreases as total pro-
pellant mass increases.

(3) The character of the blast wave as a function of distance differs
between propellant explosions and TNT explosions, as noted
before. There is some evidence that these differences arc
greatest for low percentage yield explosions. (They were not
observed in tests of ref. 24, for example.)

(4) On many of the LH,/LO; tests (regardless of investigators),
spontaneous ignition occurred very early in the mixing process,
resulting in very low percentage yields.

(5) Yield is very dependent on time of ignition, even ignoring the
y I g g
possibility of spontaneous ignition.

g

£
g (6) Yield is quite dependent on the particular fuel and oxidizer being
g mixed.
| : (7) Variakility in yields for supposedly identical tests was great,
| ! compared to variability in blast measurements of conventional
explosives.

The PYRO blast yield prediction rmethods given in reference 17 are a
set of ""cook-book procedures’ for estimating blast pressures and impulses for
specific types of liquid propellant accidents and specified geometric and initial
conditions. Inherent in the prediction method is scaling of ignition time ac-
cording to t/Wl/3 . Types of accidents considered are confinement by missile
(CBM), confinement by the ground surface (CBGS), and high veleocity impact
(H VI). Equivalent TNT yields are determined and estirnates of overpressure
and impulse made based on compiled blast data for TNT (ref. 2), with a cor-
rection factor for impulse to account for the difference between TNT and liquid
propellant explosions. Unfortunately, we feel that the prediction methods
given in reference 17 are oversimplified (for example, they use discrete and
different correction factors for impulse for different ranges of scaled dis-
tances, whereas the data in references 15 and 16 show a continuous variation
in impulse with scaled distance), and they are based on a scaling of ignition
time which is dubious, i.e., not proven by experiment (see Appendix A). The
methods of reference 17 also are designed to give uppe r-bound estimates of
blast effects, rather than most probable estimates. The possioility of lirnita-
tion of blast yield by early autoignition when large ma.ses of propellants are
mixed is ignored in the PYRO prediction schemes. Considering the careful
and well-documented experimental work reported in references 15 and 1lb, the
prediction methods of reference 17 are quite disappointing.

-
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C. Work of Farber and Deese

More or less concurrent with the PYRO work, but continuing to th2
present, Farber at the University of Florida and Deese at NASA-Kennedy have
condicted a combined theoretical and experimental program of th: study of the
physical and chemical processes involved in mixing, ignition, and explosion of
liquid rocket propellants. The results of this work are reported in a number I
of papers, with the efforts through Gctober 1968 being best summarized and :
reported in reference 27. Later work is reported in references 28 through 30.

B s At e Tl o il

In the work reported in references 28-30, the problem o. mixiag, igni-
tion and explosion of liquid rocket propellants is subdivided into a nuraber of
sub-problems, and each sub-problem studied more or less independently. The
results of the subsequent analyses and experiments are then combined in sever-
al prediction schemes for explosive yield, of which the most detailed is the
"Seven Chart Approach' of reference 23.

The sub-problems into which the overall problem was divided by Farber
and Deese were:

(1) Determination of the notential maximum explosive yield obtain-
able if the lignid propellants present were mix >d in an optimum
manner (yield potential function)

12) Determination of amounts of propellant which would be mixed as
a function of time after "'spill" (mixirg functicn)
(3) Determination of most probable times »f delay >f ignition and

detonation (delay and detonation times)

arber and Deese (ref. 23) also evolved a method of empirically fitting to
experimental data a four-parameter probability function ~Fizh would predict
the probability of explosive yield Lo various levels of confidence, and have
more recently evolved an hypothesis of a critical mass of mixing propellants
for which autoignition is certain.

The yield potential function is calculated by Farber, ct al (ref. 27) on
the basis of chemical kinetics considering boiling and fre >zing of fuel-ox:dizer
cemponents as @ function of time after an assumed irstartaneots mixing.

Heat values for the various chemical reactions which con 1d occur at various
times, ccnsidering states and amounts of reactants pres :nt, are then calcu-
ated. Some details of the manner in which these calcu’itions are made are
given in reference 27, and a typical result for an initia\ mixture ot LO,/1LH,/
RP-1 is shown ir Figure 3. There are no experimental data which lirectly
confirm such theoretical calculations of the yield function.

20
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The mixing function, expressing the fraction of mass of fuel plus oxidi-
zer actually mixed as a function of time after spill, is the best established of
Farber's sub-problems. No less than four experimental methods were used to
establish this function (ref. 27). A typical mixing function is shown in
Figur> 4. This function peaks as mixing becomes rnore complete, and then
decays because the mixed propellant evaporates. An optimum time for ignition
(optimwum in that it will produce maximum explosive yield) is therefore heavily
deperdent on this function.

The least well-determined of the sub-problems is the definition of ex-
pected delay times for ignitioa. A statement from reference 28 apvears ap-
propriate ''The ignition time for prediction purposes, can be a controlled
value, a knowa vaiue bzsed upon the characteristics of the prcpellants, a
statistical value with ~oniidence limits, or it can be a value determined by the
critical mass method....'. In oiher words, the ignition time is apparently
anycne's best guess. It is clear from the results of liquid propellant mixing
tests that autoignition always occurs for mixing of sufficiently large quantities
of propellants. Farber (refs. 27-30) has hypotaesized that a source ct ignition
whi:h is always present upon mixing is electrostatic build-up of voltage and
subzequent =lectrical discharge through a gas bubble, and that a critical mass
exists for a given propellant mixture and set of initial conditions which pro-
vid>s a short upper limit on ignition time, and therefore an upper limit on
explosive yield. Recent experimental work by his group (ref. 29) is directed
specifically toward measurement and verification of this hypothesis, and veri-
fication is claimed (although not conclusively proven) by work reported in
re ‘'erence 30,

The two prediction methods developed oy Farber, et al, are termed the
"¢even Chart Approach' and the '"Mathematical Model'. FEach will give an
estimate of explosive vield y , expressed as a fraction of the total heat of
combustion of a stoichiometric mixture of fuel and oxidizer. In the ''Seven
Chart Aoproach’, a graph such as Figure 3 is normalized by dividing Sy the
maximum heat value reached by the mixture, and then converted to a normal-
ired yield potential y  versus time plot such as Figure 5. The fraction
riixed x as a function of time (Figure 4) is then multiplied by y _ at approxi-
1nate times to give expected yield y (see Figure 6). Finally, some estimated
‘gnition time, with suitable confidence limits, is superimposed on Figure o to
jive the firal estimate of yield y . (Note that only four charts are discussed
tere. The remaining three charts in the seven-chart method show intermedi-
ate steps).

The "Mathematical Model' method (ref. 28) consists of fitting to exper-

imental data a : elationship between normalized yield vy and mixing function x
of the form
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y - b xd (2)

where b, ¢, and d are parameters to be adjusted. An auxiliary function is
also introduced which inserts a fourth parameter, a . Using the physically
realistic limits of zero yield for zero spill, and a maximum for y when

x - 1 which is defined by the fraction of mixed propellants which represent
sioichiometry (y < 1), fixes the parameters b and c . Farber originally used
data from reference 24 to estimate the parameter d , and has not changed this
parameter since. So, essentially only the parameter a remains to be varied,
and Farber claims that the parameter a represents a "scaling parameter'’
related tototal mass of propellants. With parameters chosen from fitting data
of reference 24, Farber claims (ref. 28) prediction of upper bounds on explo-
sive yield which cover all available data through 1969 (see Figure 7.

After review of the work of Farber, De-se and co-workers, we feel
that their cfforts have their strengths and weaknesses, just as does the PYRO
work. The greatest strengths are the excellert physical insight into the com-
plex processes which occur during mixing and ignition of liquid propellants,
and the division of the complex overall problem into sub-problems which <an be
studied separately. Farber and co-workers were also apparently the first to
realize that explosive yields for large quantities of propellants were alwavys
limited by early autoignition. The primary weaknesses lie in lack of experi-
mental verification of the physical processes, sometimes doubtful claims of
usefulness or applicability of limited test techniques or data™, and reiteration
of the same material in succeeding reports. The two methods for prediction
of blast yield are well described and understandable, but both give an estimate
of explosive source energy without consideration of the nature of the blast
waves generated by liquid propellant expicsions which were evident in Project
PYRO. It is also not clear how the critical mixing functioi such as Figure 4
is obtained for various types of full-scale accidents or testc, or how it is
scaled from laboratory experiments.

D. FEstimation ol Blast Wave Fropert <

We present here methods of estimating blast vields and blast wave
prop-rties for liquid propellant explosions, based vrircarilv on PYRO results
and on the work of Farber and Deese. Although ~ur predict on methods retain
manyv of the features of the previous work, they aiso diffrr somewhat where wo
feel changes are appropriate. Furthermore, factors which appear to have :

In particular, resporse times, time resolution and identificatior. of vhysical
phenomena from thermocouple grid measurements claimed in =eference 27
seem doubtful,
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secondary effect on blast yield, such as L/D ratio of tankage, are ignored.
The corcept of ""TNT equivalency' is used only to estimate energy of a liquid
propellant explosion, and not to predict detailed blast wave characteristics.
Blast is strongly dependent on type of propellant, type of simulated accident,
in"ract velocity, and ignition time, so these factors must be accounted for in
estimating blast wave characteristics and yield.

Throughout the PYRO work, blast yield is expressed as percent yield,
based on an average of pressures and impulses measured at the farthest dis-
tance from the source when compared to standard reference curves (ref. 2)
for TMT surface bursts (terminal yield). Hopkinson's blast scaling is used
when comparing blast data for tests with the same propellants and failure con-
ditions, but different mass of propellant. So, the blast parameters P (peak
side-on overpressure) and 1/WLl/3 (scaled impulse) are plotted as functions
of R/W1/3 | (scaled distance) after being normalized by the fractional yield.
This procedure is equivalent to determining an effective weight of propellant
for blast from:

‘M - —_— 3
WT * 100 )

where W is total weight of propellant, Y is terminal blast yield in percent,
and W is effective weight of propellant. Because the data are normalized by
comparing to TNT blast data, the effective blast energy E can be obtained by
multiplying W by the specific detonation energy of TNT, 1.4 x 100 ft 1b/1bm.
We will use smoothed curves through the scaled PYRO bhlast data, and Equa-
tion (3), to obtain blast wave properties for any particular combination of
propellants and simulated accident. We will consider each propellant combina-
tion separately.

1. Hypergolic Propellant - The hypergolic propellant in widest use,
and used in the PYRQ tests, is a fuel of 50% N> H4-50% UDMH and an oxidizer
of N, Oy in a mass ratio of 1/2. Hypergolic materials, by definition, ignite
spontaneously on contact, so it is not possible to obtain appreciable mixing
before ignition unless the fuel and oxidizer are thrown violently together.
Ignition time is therefore not an important determinant of blast yield for hyper -
golics, but impact velocity and degree of confinement after impact are impor -
tant factors. Project PYRO results and resulting prediction methods which
are given in references 15-17 concentrate on these factors and can be used
directly to ontain estimates of blast vield. The only modification which we
propose is to use smoothed curves from PYRO results for peak overpressures
and impulses, rather than multiplying factor..
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The procecdure is then as follows:

(1) Consider failure mode, or impact velocity and type of surface
impacted.

(2) Obtain terminal yield Y in % from Table III or Figure 8 (from
reference 16).

(3) Calculate W from Equation (2) knowing tctal weight of propel-
lant and Y .

(4) At distances R of interest, compute ‘Hopkinson-scaled distance

1/3

R/W .

(%) From appropriate smooth curves in Figures 9and 10, read peak

overpressure P and scaled impulse I/'Wl/3 . Multiply scaled
impulse by wl/3 to obtain T.

TABLE IV - ESTIMATE OF TERMINAL YIELD (REF. 16)

FAILURE MODE TERMINAL YIELD RANGE (%)| ESTIMATED UPPER LIMIT
Diaphragm rupture (CBM) 0.01 - 0.8 1.5
Spill (CBGS) 0.02 - 0.3 0.5
Small explosive donor 0.8 -1.2 2
Large explosive donor 3.4 - 3.7 )
Command destruct 0.3 =~ 0.35 0.5
310-ft drop (CBGS) ~1.5 3

Note that the blast yields are very low (a fraction of one percent to a
few percent) for all but high velocity impacts, which is not surprising in view
of the small amount of mixing which is possible before ignition. Possible
error in estimation of yield is also substantial, as can be seen from the
ranges of yields in Table IV and data scatter in Figures 8, 9 and 10.

2. Liquid Oxygen-Hydrocarbon Propellant - The second propellant
combination which we will consider uses Kerosene (RP-1) as a fuel, and liquid
oxygen (LO;) as the oxidizer in stoichiometric mass ratio of 1/2.25. Because
this liquid propellant is not hypergolic, considerable mixing can occur in
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various types of real or simulated accidents, and time of ignition after onset of
mixing is an important determinant of blast yield. Other important parameters
have been shown by the PYRO and other results to be the mode of failure or
simulated accident, impact velocity, and propellant mass or weight. Less
impcrtant parameters appear to be geometry of tankage expressed as a length-
to-diameter (L/D) ratio, propellant orientation, and area of rupture of interior |
bulkhead for CBM case. The estimation methods which we give here are i
based largely on the PYRO test results, but also include conclusions and/or

physical reasoning of our own and of Farber and other investigators.

L e

» For the case of mixing and an explosion within the missile tankage
(CBM), time for ignition ard mass of propellant are the principal determinants
of blast wave properties. The scaling of ignition time assumed for PYRO is
not proven by the PYRO test results (see Appendix A), so we simply plot a
smooth curve through PYRO results for blast yield Y as & function of time t
in Figure 11. We also use Farber's physical reasoning in plotting this curve,
i.e., for zero time for mixing, yield must be zero, and for long enough time,
yield must decrease. A direct plot against ignition time is used, independent
of mass of propellant, because it fits the data as well as scaled time plots and
also serves to indicate that scaling of ignition time has not yet been verified
experimentally. Once blast yield Y has been determined from Figure 1% for
an assumed ‘gnition time, effective weight of propellant W is then calculated
from Equation (3) for known Y and W, and blast pressures and impulses
are obtained from fits to PYRO data in Figures 12 and 13, in exactly the same

manner as for the hypergolic propeilants.

For simulated fall-back on the launch pad (CBGS), impact velocity as
well as ignition time are important parameters in estimating blast yield.
PYRO prediction methods included fits to scaled time parameters and to im-
pact velocity to a fractional power close to one. As stated before, time
scaling is not proven by the data. Also, linear dependence on impact velocity
is simpler than a fractional power close to one and fits the data just as well.
A suitable fit of maximum: yield Y, to impact velocity, agreeing with curve
A of Figure 5-4l of reference 16, is:

2.08
= 4+ — 1 < ¢ 4\
Ym 5% (it /sec) LI , 0 < UI < 80 ft/sec (4)

where Y, 18 expressed in %, and Uy is in ft/sec. Blast data for this case
from reference lb are normalized with respect tc Y by the factor

‘ X . lOO/Ym , and plotted versus ignition time in Figure l4. The smooth curve
| through the data can then be used to predict percent yield using Y from
Fquation () for impact velocity Ujg. Again, using Equation (3), W cante
found and blast parameters determined from suitable fits to PYRO data, which
are given here as Figures 15 and 16.

|7
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In high velocity impacts of this propellant, the situation is socmewht
simpler because there is little ignition delay and therefore only impact veioci-
ty affects yield. Prediction methods from reference 16 can then be used to
estimate yield Y (see Figure 17) and blast parameters obtained from Eqgua-
tion (3) and Figures 15 and 16.

3. Liquid Oxygen-Liquid Hydrogen Propellant - The final propellant
combination is the entirely cryogenic combination of liquid hydrogen (LH;)
fuel and liquid oxygen (LO;) oxidizer in stoichiometric ratio by mass of 1/5.

The rationale for predicting blast parameters for this propellant com-
bination is identical to that for LOZ/RP-I. For the CBM case, Figure 18
gives a plot of ignition time versus yield. After determining W from this
plot and Equation (3), one can enter Figures 19 and 20 to obtain blast wave
properties.

For the CBGS case, a linear fit of maximum yield versus impact

velocity gives

1.35

\r - —————
‘m 10% + (ft/sec) 1°

0< U <80 ft/sec (5)

Using this equation to normalize ignition time versus yield, we obtain

Figure 21. From the curve in Figure 21, we can find Y for a given ignition
time, and then obtain W from WT and Equation (2). Finally, blast pressure
and impulse are obtained from Figures 22 and 23.

For high-velocity impact of this propellant, the blast yield is also
dependent only on the impact velocity, and the prediction methods of refer-
ence 16 can be used directly. The curve in Figure 24 gives the yield Y, and
Equation (3) and Figures 22 and 23 will give predictions of blast wave proper-

ties.

4. Limit to Yizld for Large Mass of Propellant - Any method of pre-
dicting blast yield must, it seems clear, provide an upper limit on yield with
increasing mass of prepellant. All tests to date with large amounts of pro-
pellant have shown autoignition sources which prevent mixing of even a large
portion of the propellant prior to ignition. The simplest way to incorporate a
limit is to use the limit curve of Figure 7 generated by Farber. The curve
labeled ''average value' should probably be used for our purposes. Explosive
yield y in Figure 7 is only approximately related to Y in all of the preceding
discussion, because Farber bases his yield on actual energy of combustion of
the propellant rather than TNT equivalence. But, considering the multitude of
other errors in these methods. we can igno.e the difference and simply assume

that y = Y/100. 6)
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III. DETERMINATION OF FRAGMENT
VELOCITY DISTRIBUTION

A. General

In our review of accident and test data for liquid propeliant explosioens,
we found no data on the velocities of fragments produced by these explosions,
outside of data available in films of Project PYRO. Only the report by Jeffers
(ref. 18) contained an analysis of fragment velocities, and this analysis was
based on a study of films of three of the PYRO tests.

The repository for all raw data, including films, from the extensive
series of PYRO tests is the Air Force Rocket Propulsion Laboratory at
Edwards Air Force Base, California. In visits to this agency, SwRI staff
members viewed all of the library of PYRO films and selected for data're-
duction films of 94 tests in which individual fragments were visible and could
be followed from frame to frame. These films were then loaned to the Insti-
tute for measurement of fragment velocities. For moct of these experiments,
several camera views of each test were available. Film spseds were accu-
rately known, with timing marks at known repetition rates impressed on the
edges of most films. The 94 tests for which we reduced fragment velocity
data represented a spectrum of propellant types, scale of test, and type of
sirnulated accident. In addition, reduced blast data and measured blast yields
are known for each experiment and reported in references 15 and 16.

Because the PYRO films constituted our raw data for determination of
fragment velocity and because reduction of these data required more detailed
knowledge of test details than were available in references 15 and 16, we en-
gaged a consultant from URS Corporation, prime contractors for PYRO. He
provided us with sufficient additional information, drawings of test arrange-
ments, etc., to enable us to obtain accurate estimates of such needed informa-
tion as distance scales in the field of view of each camera and timing mark
frequencies on films. He also helped us resolve unexplained discrepancies in
reported PYRO test results.

Although the PYRO films provide all of our basic data on fragment
velocities and can allow correlation with measured blast yields, they do not
in general provide any data on fragment masses, shapes, or ranges. In only
one PYRO test were these parameters measured, and this test is the only one
for which any overall correlation of fragmentation effects conceivably can be
made.

B. Reduction of Film Data

1. Canmiera Locations - Locations of the camera during PYRO tests
from which fragmentation data were cbtained are shown in Figure 25,

49
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Cameras were located along radial lines at azimuth angles 0°, 240° and 340°
and on a tower directly above the event.¥ A few tests were also photographed
from airplanes and from the tops of nearby mountains, but these cameras
were located too far away from the event to provide fragmentation data.
During five tests cameras located at position B of Figure 25 were focused on
the barricade located along an extension of the zero degree leg. Although
fragment data were read from these films, they were not processed because
the data were too few to be statistically significant.

The greatest number of films and the largest amount of data came from
cameras located at the azimuth angles of 0° and 240°. These camera positions,
also called positions "A'' and "B', were located 420 feet from the center of the
test pad, From these locations, cameras filmed the event with several differ-
ent focal length lens and at indicated camera speeds ranging from 64 frames/
sec to 1,000 frames/sec. Although overhead shots were available for :nost
tests, they provided little usable data. The field of view of the cameras was
small relative to the size of tlie fireball and the fragments were not visible in
the flames. Cameras situated at azimwuth position 340° were located 1,050 feet
from the center of the pad and were mounted on a tower 110 fect above the
ground surface, Since the elevation at the base of the tower is 36 feet above
that at the test site, the cameras were actually 146 icet above the test pad.
Only a few tests were photographed from this location, however, and not all
of the filme provided fragmentation data. Some cameras had a field of view
which was so large relative to the size of the fireball that fragments could not
be seen. Other cameras with longer focal length lenses provided good film
data.

Generally, most data were obtained from those cameras which had a
field of view slightly larger than the resulting fireball and which had the high-
est filin speed. Because several camera views were often available from the
same location (particularly for locations A and B), the view or views providing
the best data were selected for reduction. For example, other factors such
as field of view and quality of the film being equal, the film which had the
higher framing rate was chosen for data reduction., Even at the higher fram-
ing rates, the film length was sufficient to observe the growth and start of
decay of the fireball.

Most films were accompanied by data which identified the test number,
camera number, camera speed, frequency of the timing mark generator,
focal length of the lens, distance from the camera to the event, and the azi-
muth angle of the camera position. We found some of these data to be incon-
sistent. For example, we were informed by Project PYRO test personnel

*Obtained from drawings of field test arrangements for Project PYRO.
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thai cameras located 420 feet from ihe event were located at position "A'' or
position '"B" (of Figure 25) on radial lines which are 120° apart. We found,
however, that these positions were either labeled as 0° and 270°, respective-
ly, or as 325° and 130°, respectively. Also, leg A was sometimes identified
by an azimuth angle of 65° and the tower (located 1,050 feet from the pad) by
azimuth angles of 300° and 340° (340° is correct). Consequently, we relied
upon the background in the film itself to identify the leg upon which the camera
was located. Except for camerag located directly above the event, (and those
at distant locations which did not contribute fragmentation data), the cameras
were 2ssumed to be located at either position '"A", "B', or at an azimuth
angle of 340° as shown in Figure 25. This is consistent with the instructions
of Project PYRO perscnnel.

Film data reduction was accomplished using a Vanguard Film Analyzer.
Data obtained from the films included the frame number relative to the initia-
tion of the explosion, the X and Y positions of the fragment referenced to the
frame number, the spacing of the timing marks, the height to the top and
bottom of the tank, the tank diameter, and, if in the field of view, the height
of the tower above the test pad. The height of the tower was used for com-
puting the scale factor. Since each test was viewed from more than one direc-
tion (from camera locations A and B) an attempt was made to identify the
fragments in camera vievws from both locations. When available, such data
(which we have labeled '"Duplicate View Data'') permitted a fairly accurate
determination of the flight path of the fragments. If the fragments were iden-
tified only in a single view, however, (this has been labeled "Single View
Data'') it was not possible to determine their actual flight path. As recorded
on film, the fragment position is a projection on a plane normal to the lens
axis of the camera. Without additional data, such as from an additional
camera view, no correction to the data to account for a flight path other than
normal to the lens axis of the camera could be made. Thus, the fragment
data were processed a- though the fragments were traveling in a plane which
was normal to the len. axis of the camera. After reducing the fragment data
from the {ilms we estimated that nearly all of the fragments sighted had a
trajectory which was within +45 degrees of the normal to the lens axis of the
camera. If this estimate is correct, computed velocities for single view data
should be within +0% to -30% of the true velocity.

Since cameras at positions A and B viewed the event from approxi-
mately the same elevation as the test pad, fragment positions were recorded
for a vertical plane normal to the azimuthal position of the camera. How-
ever, the camera on the tower, at azimuth 340°, was elevated abcve the test
pad. A correction for this elevation was made so that the fragment position
would be calculated for a vertical plane as for camera positions A and B.
This correction is discussed in the processing for single view data.
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2. Processing of Single View Data - As viewed from the camera, the
fireball and fragment would appear as in Figure 26 with the positive X axis to
the right and lying along ground surface and positive Y axis vertical through
the center of the tank. Subscripts on the axes refer to the camera position
A or B from which the data are obtained. The view shown in Figure 26 is
tvpical of that obtained by a camera in position A, The angle between the
‘ntersection of the X-Y planes of cameras A and B is then 120° (this angle is
required for processing of the duplicate view data, but not for processing the
single view data). Fragment positions are measured on the filrn with re-
spect to the X and Y axes. Processed data are computed with respect to the

X’ and Y axes: that is, with respect to a set of axes which pass through the
center of the tank.

The first items calculated from the film data are the film speed in
frames per second (fps), the scale factor (SF), and the height of the event
(he). Spacing of the timing marks (tm) are read from the film in frames per
timing mark. When spacing of timing marks is multiplied by the frequency
of the tiring mark generator in timing marks per second, the framing rate
in frames per second is obtained. To compute the scale factor a known
length in the field of view is divided by its length as measured on the screen
of the Vanguard Analyzer. This gives the scale factor directly if the known
length is the same distance from the camera as the event; otherwise, an
appropriate adjustment must be made. The height of the event (hg) can be
determined from engineering drawings if they are available, but it is also
determined directly from the film data. It is computed as one-half the sum
of the distances to the top and to the bottom of the tank. Even though an
attempt was always made to align the X axis (Y = 0 position on the screen of
the Vanguard Analyzer) with the top of the pad, this alignment was never
exact. Consequently, whenever it is available, he obtained from the film
measurement is used. Knowing the film speed, the scale factor and the

height of the event, the X-Y positions of the fragment can be calculated from
Equations (7) and (8).

x) - x)(sP) (7)
i i
j
: y: (SF)
Y.‘] = .1 - ) 'he (8)
1 71 (SF)
cos 8, |1 + NP sin 6,

Subscript i refers to the frame number and superscript j refers to the frag-
ment number. Lower case x and y denote the values as read from the film,
and capital letters denote calculated displacements. The denominator of
Equation (8) is a correction factor which adjusts for the condition that the lens
optical axis may not be perpendicular to the vertical axis along which Y is
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to be calculated. For the camera elevated above the event as shown in
Figure 27, 9 is the positive angle between the lens axis of the camera and :
the horizon and dc is the horizontal distance from the camera to the event. |
To obtain the vertical position of the fragment relative to the center of the '
tank, hg, the distance from the X-axis (Y= 0) to the center of the tank is
subtracted from the calculated displacements. Equation (8) is derived for
the condition that the lens axis passes through the center of the tank (the

assumed origin of the fragment trajectories). The error induced by neg-

lecting the offset of the lens axis relative to the center of the tank is about 1%.

A correction similar to that in Equation (8) is needed when the frag-
ment is not traveling in the X-Y plane, but is traveling either toward or away
from the camera. The error incurred is indicated in Figure 27. It is exag-
gerated because the camera is shown much closer to the event relative to the
height of the fragment than actually was the case when photographing the
fragments. This schematic does show, however, that the calculated Y dis-
placement is a projection of the actual displacement on a vertical plane
through the center of the event. If the fragment is coming toward the camera
the Y displacement calculated will be slightly greater than the actual Y dis-
placement; whereas, when the fragment is traveling away from the camera,
the calculated displacements will be slightly smaller than the actual displace-
ments. For single view data, there is no way to correct for this error be-
cause one cannot tell which direction the fragment is actually traveling. (A
similar error occurs for the horizontal displacements.) For the duplicate
view data, however, it is possible to calculate the true vertical and horizontal
displacements, This will be discussed under '"Processing of Duplicate View
Data. "

Once the X and Y displacements of the fragments have been calculated
for each frame number and once the times corresponding to these frame
rumbers have been determined by dividing the frame number (event starts in
frame number one) by the framing rate, the fragment velocities can be calcu-
lated. Velocities are calculated in two ways. An average velocity is com-
puted by assuming that the fragment has traveled in 2 straight line from the
center of the tank to the position where it is first sighted. This velocity is
given by Equation (9)

. 2 . 2
J J
\/(;11) + (Y11>
Th
where the subscript II indicates the frame nuinber in which the fragment is
first observed. In addition to this so-called average velocity, the velocity of

the fragment during the period of time in which it is observed is also com-
puted. To determine this velocity, the distance the fragment travels along

A}

(9)

UA =
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its trajectory after first being sighted is calculated from Equations (10) ,'
and (11)

oo ol L) ()

s-s as’ (11) | i
i i-1

1

where the distance S is set to 0 at the time of sighting. Velocity of the frag-
ment, U;, is then determined from the slope of a straight line fit to the com-
puted distance-time data points S; and Tj, where Tj is adjusted to 0 at .
the time of sighting as was Sj. The subscript i on the velocity is used to
denote an instantaneous velocity. While it is true that this velocity is actually
an average over the time of sighting, the elapsed time is short compared to
the elapsed time between the explosion and the sighting of the fragment for
which Up was determined and the velocity of the fragment varies only slight-
ly during the time of sighting. Also, the position of the fragment which corre-
sponds to Uj is computed for the center of range over which the fragment is
tracked (as discussed below) and Uj should be very close to the instantaneous
velocity at this position.

In addition to the fragment velocities, the position of the fragment
relative to the center of the event and its direction of travel are computed.
Fragment coordinates are given as a radius R, height Z, and an azimuth
angle Y. Since the computed velocity, Uj, is taken to be the instantaneous
velocity of the fragment at the center of its range of trave] while in view, the
cylindrical coordinates are computed for this position also. The expressions
for determining these coordinates are

_u / . »
R} - 3 \XIJF ¥ XIJI) (12)
ANRE (YIJF + YIJ) (13)
j
. X
IF
vl os - ST (90) + Yo (14)
|X1F|
F W<o0.0 set ¥=-360+V (15)

where the subscript IF denotes the final frame in which the position of the

fragment was recorded, Notice that R and Z are simply the center posi-
tion of the : \nge of the X and Y coordinates, respectively. The azimuth
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position is determined from the azimuth angle, Y., of the camera viewing

the fragment and the sign of the X displacement. This is based on the assump-

tion that the fragment is traveling in the X-Y plane which is normal to the line :
of sight of the camera, (For fragments which are photographed, and properly :
identified from two different camera positicns, the azimuth angle of the line
of flight can be determined more exactly.) The last parameter computed for
the fragment is the elevation angle of its flight path above the horizon. This
angle, ©, as shown in Figure 26, is determined from the slope of a straight
line fit to the X-Y data for each fragment.

3. Processing of Duplicate View Data - After the single view data for
each fragment had been processed, data for those fragments which could be
identified in more than one camera view, that is, in views from camera posi-
tions A and B of Figure 25, were combined to more accurately determine a
true trajectory of the fragments, Fragments were difficult to identify in more
than one view, however, and thus the duplicate view data are very limited.

In addition, we have often found when processing the data that what appeared
to be the same fragment in two separate views, apparently was not. One cri-
terion for determining whether or not the fragment is the same in two views
are the Y displacements. They should be approximately the same when view-
ed from the two camera positions. As noted in Figure 27, there will be some
differences depending on whether the fragment is traveling toward or away
from the camera; however, these differences should be small because the
cameras are located 420 feet from the event and it is unusual to follow a frag-
ment for a distance of more than 60 feet above the ground. Thus, the cameras
are viewing the fragment at an angle of less than 10° above the horizon. Al-
though no hard and fast rule was established, when the Y displacements of the
two fragments differed by more than about 15%, it was assumed that two dif-
ferent {ragments rather than the same fragment had been observed.

In duplicate view data, the same fragment is observed from cameras
situated 120° apart. Thus, errors introduccd by the fragment traveling
toward or away from the camera tend to cancel out when averaging the Y dis-
placements computed from the two different camera views. Consequently,
the vertical displacements, 0, are calculated as the average of the vertical
displacements from the single view data, This is shown in Equation (16)

i, (i DUP
b = b (Yi b Y > (16)

where the superscript DUP is the number of the fragmert which provides
the additional camera view of fragment "y,

Calculating the horizontal position of the fragment is more complicated.
Figure 28 shows the geometry in plan view. The X displacements of the frag-
ment, computed from the two separate camera views, are indicated by Xp
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and Xpg. These are projections of the fragment horizontal displacement upon
the X- Y planes for each camera position. The true horizontal displacement of
the fragment, Hp. relative to the center of the event is desired. Using
siinple geometrical relationships, two expressions for Hp were obtained and
are given by Equations (17) and (18)

Xp dc

A A

= 3 17
Hr Xp cos@ + dcy sina for Xp # 0 (7)

- XB dCB

HF = for XB * 0 (18)

Xp cos (A0°+a) + dcp sin (60°+a)

As indicated, Equation (17) cannot be used for XA - 0 and Equation (18)

cannot be used for Xpg = 0. In practice, Equation (17) was used whenever the
absolute value of X, was greater than XB' and Equation (18) was used when
the reve.se was true, Subscript i and superscript j have been dropped

from the equations for simplicity. The angle, a, is found by equating Equations
(17) to (18), and is given by Equation (19).

) XAXB cos 60°+ XaXp ch/ch + Xp decp sin 60°

a = tan”

XaAXp sin 60° - Xpg dep - X p dcp cos 60" (19)

Equations (17), (18), and (19) hold for fragment positions in all quadrants.

The sarae procedures were used in calculating the average velocity,
U, and the velocity of the fragment after acquisition, U;, as were used
for the single view data, Quantities U and H were simply substituted for
X ani Y. Also, with the exception of the azimuth angle, the cylindrical
coorcinates of the fragment and the elevation angle 8 wers computed as for
the single view data. The azimuth position of the fragment is simply 360°
minus the angle 1.

4, Computer Program for Data Processing - A computer program was
written to process the data as it was received in punched card torm from the
Vangu: rd Analyzer, Although the details of the program will not be presented
here, it solves the ec s >ns given in the preceding sections and prints the
results in a usable form., The program also creates a tape file for subsequent
statisti-al analysis of the results,

A summary of camera data and number of fragments whose trajectories
were measuree is given in Appendix A, The tests are grouped by type, as
defined in the PYRO reports (refs, 15 through 17), and are identified by the
PYRO test numbers, Numbers of fragments whose velocities and trajectories

60

Cm e 2 W AN M St

Lt e

.




@rt ¢ v At . o Wty t T

e G g - S WS

N et % o d Pk i R

A
.
. P WV IR M Y

were measured range {rom a minimum of 2 per test to a maximum of 36 per
test. The maximum number of fragments identified in duplicate views was
3 per test.
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5. Summary of Fragment Velocity Measurements and Calculations -
The fragment velocity data derived from the PYRO films are available on
punched cards and in computer printouts. The key designator for all data is
the PYRO test number; for each such test having readable fragment velocity
data, all of the quantities defined by the equations in Section 4 are calculated

and printed for each fragment traced. The printouts are quite voluminous
and so are not included in this report.

The data for each test were further reduced using standard statistical
procedures and a '' anned' computer program available to us through our CDC
library of programs. We chose the six output variables Ua, Ui, 8, VY, f{,
and Hp for statistical treatment, and computed the mean, standard devia-
tion, standard error of the mean, maximum, minimum, and range for each
variable. Again, the computer printout sheets are too detailed for inclusion
in the report, but are available for study.

A summary of results is given in Table V. Each test is identified by
the PYRO test number, and the tests are grouped by propellant and type of
simulated accident. Test conditions given are total weight of propellant,
tank L/D ratio, and impact or drop velocity. Ignition time and measured
blast yield from reference 16 are listed.® Fragmentation data are given in
the last four columns, indicating number of camera views from which data
were taken, number of fragments observed, mean value of fragment velocity,
U;, and standard deviation of this same parameter J,. These mean velocities
and standard deviations were determined from the single view data only. The
number of fragments which were identified in more than one camera view and
processed as duplicate view data was too small for statistical analysis. Be-
cause the data represent a wide spectrum of test conditions, propellant types,
and propellant weights, they should allow correlation with methods of pre-
diction of initial velocity such as those presented later in this section, and
should also lend themselves to various types of statistical analysis, A limi-
tation to the data which may render statistical studies difficult is that rela-
tively few fragments could be observed in any one test. Some grouping be-
tween tests with different propellants, different blast yields, etc., may be
possible. To aid in rational choice of ways to group the test results, we con-
ducted several limited model studies, Thece are included in this report as
Appendix C.

; . :
Blast yield in percent is defined in Section IL
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C. Methods of Predicting Velocity

1. Explosions Within Missile Tanks

a. A Deterministic Method

(1) Choice of Parameters and Idealization of the Problem -
In this section, we discuss a method for predicting maximum velocities for
fragments generated by explosions within missile tankage (CBM case). A
method for predicting ranges is discussed in Section 1V. In order to predict
maximum fragment velocities, the problem must be "idealized'' in a number
of ways, and the parameters must be chosen such that the theory may be
applicable to a spectrum of missile explosions involving different liquid fuels
and oxidizers, volume of fuel oxidizer mixtures, tank wall specific mass, and
tank geometries. To idealize the problem we consider only a spherical
volume V., , of radius R, in which we have a stoichiometric mixture of that
amount of fuel and oxidizer which is mixed at time of detonation. Further-
more, upon detonation, all of this volume of fuel and oxidizer is assumed to
be converted instantly to explosive products and energy, forming a "'hot gas''
which can be characterized by some ratio of specific heats, #, initial pres-
sure, Pg,, and initial sound velocity ag,. All of the fuel or oxidizer ex-
ternal to this spherical volume is considered to add mass to the container
wall only and takes no part in the chemical reaction of the explosive process.
The container is spherically coincentric to the sphere in which the explosion
takes place, and the non-reacting fuel (or oxidizer) moves initially with the
fragments of this container wall as if they were an integral part of the frag-
ments (i. e., they just add mass to these fragments). Compression of the

liquid fuel and oxidizer, and shock transmission effects in these liquids are
ignored.

All fragments are assumed of equal size and have circular projections.
If we pick a parameter, n, for the number of such fragments into which the
containing sphere fractures, we can later solve the problem for various n,
thus effectively varying the fragment size. It is further assumed that the sum
of the concave inner surface areas of all the fragments is equal to the surface
area of the original sphere of explosion.

A; = 47 R%/n (20)

where R is the initial radius of the sphere of explosion [R= rj(1) for 7= 0],
and A; is the fragment surface area. Although these are gross idealiza-
tions of the fragmentation picture, they make the problem amenable to solu-

tion and allow some estimate to be made of how sensitive the solution is to
fragment size and number.
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If the stoichiometric mixture of fuel and oxidizer occupies a volume
V, and has a mass M, then, at the time 7 = 0 the instant after the ex-
plosion, we assume the gaseous products of explosion occupy the same
volume and have the same mass. The sound speed in this medium at this
time is then a function of %, one of the independent parameters. One must
pick »n, Mg, V,(0), and P (0) = Py, which characterize the sphere of
explosion at T = 0 (x, M, and P, will depend on the type of fuel and oxi-
dizer, and V, depends on the amount of fuel and oxidizer that have mixe<).
One must then also pick an R, n, and M, which characterize the con-
taining sphere (where R is the containing sphere's initial internal radius,
equal to the external radius of the sphere of explosion; n is the number of
fragments into which the containing sphere fragments, and M, is the total
mass of the containing sphere, i.e., the mass of the non-reactants, as well
as the actual fuel tank mass). With this information the maximum fragment
velocity for any of the equal sized n fragments is calculated = - the method
to be deccribed. This maximum velocity, Up,, may be used as the initial
fragment velocity for the fragment range calculation (Section I1V) in which the
fragment is assumed to experience no acceleration due to the explosion after
Um ig attained, but it experiences deceleration due to drag forces in the
medium through which it is traveling.

(2) Equations for the Mathematical Model™ - To obtain
the initial velocities for the fragments from CBM explosions, an extension
was made of the techniques of D. E. Taylor and C. F. Price (ref, 31) and of
G. L. Grodzonski and F. A. Kukanov (ref, 32) relating to the motion of frag-
i ments from bursting gas reservoirs in a vacuum. These techniques were
generalized from the case of spherical vessels which broke up into two per-
fectly hemispherical fragments to the case of a spherical vessel which frag-
ments into n fragments, each of equal size and having a circular projection.
For the case where the containing sphere is thin-walled, the equation of
motion for the i-th fragment of mass M; and radial displacement 1;(T)

: having a projected area F and experiencing a pressure Py(T) attime T, is
given by:

dzri("r\,
M, ——— = F Py(7) (21)

! dre

B . ¥

If A; is the area of the curved surface of the spherical segment (for the i-th
fragment), then

e -

“The equations given in this section require a number of mathematical opera-
tions for their developmeni., Many of these operations are omitted for
brevity. All nomenclature is given in Appendix I.
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A; = 21 Rh = 47 R%/n (22)

where R = r;(0) and h is the segment height. Let the segment radius equal
d/2z, then it can be shown with the use of Equation (22) that

2
A i . (23a)
4 n n2
or
F ~ A, for n% >>n (23b)

1

The equation of state assumed for the gaseous products of explosion is given by
Py (1) Vo (1) = c(1) Ry Ty (T) (24)

The rate of change in the mass of the confined gaseous explosion products in
the sphere as the sphere begins to fragment and gas is lost to the external
sphere region is given by

s ke, Dw (25)
where p, and a, are the critical gas density and velocity as they escape
through the cracked surface of the sphere, [l is the crack perimeter, w is
the crack width, and k is a discharge coefficient. The crack area for the
i-th fragment given by (Tw); is equal to the difference betwcen the area sub-
tended by the initial solid angle, ¢, at the distance ry(T) for time T and

the actual area of the fragment Aj.

2 [rg(n)
Aw); = 8 rl(1) - Aj = 4”:“ ( ;2 . 1) (26)

Inherent in Equation (26) is the assumption that all fragments travel in a radial
direction and that the syrametry of the fragment motion is such that the equa-
tions of motion are only a function of the magnitude of the radius, i.e., the
motion of the i-th fragment in the radial direction describes the motion of
any other fragment in the radial direction and shear forces are small com-
pared to dynamic forces. Thus, we may set r; = r and, from Equations (25)
and (26), we have

dchT) = -k p,a, (ﬂi)— ] 1) 4r R2 (27)
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The volume of the gaseous explosion products at any time 7 after
T=0 is given by

V(1) = (4/3) mor3(T) (23)

It has been assumed that the confined gas immediately adjacent to the
fragments is accelerated to the velocity of tne fragments but that this con-
stitutes a negligible fraction of the gas, the great bulk of which is unaccel-
erated. Thus, from one-dimensicnal flow equations

27/ (%-1)
Py(7) = Po(T) {1 -(2( ’*(‘ )1)2> (ﬁ‘;’) } (29a)
aolT
1/(n-1)
0, = 0olT) (»fq) (29b)
2 1/2
a, = ag(T) \n+1) (29¢)

Equations (29) can be non-dimensionalized by setting

r(1) = Xg(8), T=86%, Py(1)= PP (8) (30)

For a confined gas that behaves adiabatically we have:

" w/(n-1) 2n/(n-1)
P,(T) N <D°(T)> : <T°(T)> i} (ao(‘f)) (31)
Poo Poo Too 200
where the double zero subscripts refer to the confined gas condition at T = 0.
From Equations (20), (29), (30), and (31), one ohtains:

M; (gI)Z w/(m-1)
M, & ° P [1 ) (p,) (- D/™ 12

where primes denote derivatives with respect to 3, Mj is the mass of
the i-th fragment, and M, is the total ""'shell” mass. For n fragments of
equal size,

M

1
_ L 33
Mt n ( )
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thus,
1,2 n/(n-1)
/"
g =nP, [1 n-1)/n (4
(P*)( )/
where
2
% - My 250 2 Q = M; ag0 2 1/2 (35)
- F Py w-1/ " T F Pgo \%-1
Differentiating Equation (31) and nondimensionalizing, one obtains
P’ (n-1)/2% .
g == = [-ag2+a8] P, anglg’ (36)

where

and

) (K+1)/2(K-1)< 2 > -1/2

:3ku<n+l 1

Equations (35) and (36) must be solved simultaneously with the initial
conditions

r(o) = R s glo) = R/X
dz(o) _ . dg(o) _
3 - 0 o dE - 0 (37)

P (0) = Pyy . Pylo)= 1

for values of £ until the fragment acceleration is small with respect to the
acceleration ~t T = 0., dg/df is a maximum as the acceleration goes to
zero. dg/df is the normalized initial velocity for the fragments to be used
in the calculation of the fragment ranges.
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(3) Solution of the Equations by Numerical Techniques
and Computer Program - The solution of Equa-

tions (34) and (36) may be obtained numerically for the initial conditions of
Equations (37), using the Runge-Kutta method. A program which does this
(in FORTRAN 1V), as well as the definition of its symbols, is given in
Appendix C. This program requlres as input the characteristics of the gas-
eous explosion products at T = 0 (A¢, the speed of sound; P¢, the initial
pressure; and CAP1, the ratio of specific heats), and the characteristics of
the vessel (RR, the internal radius of vessel and unburned fuel; TM, the mass
of the vessel and unburned fuel; and FN, the number of fragments). Also, a
guess must be made on the elapsed time between detonation and zero fragment

acceleration, XMAX.” A time interval spacing, AH, must also be chosen
for the calculation,

The program outputs the normalized displacement, velocity and accel-
aration (dynamic variables) of the fragment as a function of time; the normal-
ized pressure within the vessel as a function of time; and the fin~1 values of
time, displacement, velocity, acceleration, and pressure at XMAX, A
sample program run is given in Appendix C.

Figure 29 shows the results for computing the maximum fragment
velocity as a function of number of fragments when all other parameters are
held constant, The figure indicates that the number of fragments does not
affect maximum fragment velocity except at very low n (at which point the
assumption of Equation (23b) does not hold), Figure 30 shows how maximum
fragment velocity varies with x and the mass ratio My/M;. The ratio of
explosive products mass to shell and non-reactant fuel mass, a constant
initial pressure (Poo), number of fragments (n), sound velocity {a
radius of explosion at 7 =0 (R) are assumed in this figure.

o), ard

(4) Comparison of Results from this Method with
Other Sources - The results of this method are
compared to the cases described by Taylor and Price (ref. 31) in which:

PV
o = =22 . 2.55, 0.1436
Mtao2

"A 'guess''is made of XMAX because the computer has to work with so.ne
finite time, If XMAX is guessed too short, then g “(3) (the normalized
acceleration) is not reduced close enough to zero to yield an acceptable
estimate of g'(3). If XMAX is guessed too long then the computer can not
calculate the final values of g” and g'. In practice we watched g' for
each program iteration and accepted a g’ which remamed constant to three
significant figures between iterations as the value of g’ for g" nearly zero.
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in Figure 31, Generally it can be seen that our results predict somewhat
lower fragment velocities than they do. Some discrepancy is to be expected
because our assumptions on geometry were not as precise as theirs. This
is especially true where we assumed that the surface area of a spherical
volume could be divided into n equal circular areas; they assumed only two
hemispherical fragments whose projected areas were well defined, None-
theless, the agr.ement is relatively good, especially for the greater 2.

Table VI gives a comparison between fragment velocities measured
in experimental work relating to hazards from bursting high pressure tanks
(ref. 33) and the predicted velocities using our deterministic method. The
mxperimental values of Pittman (ref. 33) were obtained by pressurizing
spherical metal tanks with N, until they burst. Fragment velocities were
measured by use of a breakwire system, In this system, a time interval
counter was initiated by the tank rupture (start pulse) and was stopped when
the first fragment reached the breakwire | foot away. Thus, the measured
values actually are the mean fragment velocity for the first foot of travel
(a stroboscopic photographic technique was also used to measure fragment
velocities in some cases). Where the experimental values were not precisely
i determined in tests D and E, limits were assignea to the fragment velocity on
5 the basis of the data obtained, Input data to our program was based on the
, tank geometry and burst pressure, described in tne report, and the properties
of N,. In general, our values agreed well with the measured values,

g T

- -~

P

We believe on the basis of these comparisons with independent data
that our method has proven to be sufficiently accurate in prediciing fraginent
velocities to be useful, Amn effort to predict data reduced from PYRO films
' using this method is described later in this section,

TABLE VI. COMPARISON OF PREDICTED FRAGMENT
VELOGITIES WITK PITTMAN'S DATA (ref. 33)

g v AR M~ bt

gy e

" P, ‘ Rad, Mass | Measured Uy Predicted Uy
“ Test (psi) ! (in,)_ (lb-secz/in.) l (ft/sec) (ft/sec)
!
c 8x103| 9.2 | 1.63x10°2 . 1.2x10} 1.201x10°
" p : s8xi03l 270 4.45x10°! <1.3x10’ 1.61 x103
| ! | ' |
| E 8.13x103' 270 | 4.43x107! > 1.17x 100 | 100 x10°
! ' : |
- . . ‘ 1

g e | DT
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2. Appurtenances Subjected to Propellant Blasts

a. Gener ' - ~he situation considered here is shown in Figure
32. A propellant explosion occurs after some accident which ruptures the
tankage and causes propellants and oxidizers to spill, mix and ignite on the
launch pad. We wish to establish a method of predicting velocities to which
nearby objects (which we will call appurtenances) are accelerated by the
passage of the blast wave. These objects can be parts of the launch tower,
storage tanks, vehicles, and objects in or attached to the upper stages of the
launch vehicle itself.

Aborted Launch Tower

Launch
Vehicle

Blast Wave
Appurtenance

Appurtenance
Ve Launch Pad

Eapleding Propellants

FIGURE 32. SCHEMATIC FOR ACCLLERATION OF APPURTENANCES
BY PROPELLANT DLAST

b. Blast from Propellant Explosions - "t is clear from the re-
sults of Project PYRO and other studies that the characte.'stics of blast
waves produced by liquid propellant explosions differ significc~tly from the
characteristics of blast waves produced by TNT nr other conventicnal solid
explosives, These differences are discussed elsewhere (see Section ("), but
some will be reiterated here because they affect estimation of velocities :f
appurtenances,

The first characteristic of blast from propeliant explosions which
differs from that of TNT is that the blast wave is relatively weaker at all dis-
tances because the propellant and oxidiser are almost never intimately mixed
before being ignited. Thus, the full explosive potential of the propellant-
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oxidizer computed on the basis of energy of combustion is never realized.
This difference is expressed, when comparing with blast waves from TNT
explosions, as a percentage or fraction of "TNT yield'', where the per-
centage must be multiplied by the total weight of propellant plus oxidizer,
and then expresses the weight of TNT which will produce the same blast pro-
perties far enough from the explosion source.

The second characteristic of the blast from propellant explosions which
differs from the blast from TNT explosions is that measured parameters such
as peak overpressure and positive phase impulse vary with range in a different
manner. Compared to TNT blasts, equal energy propellant explosions gener-
ate blast waves with relatively low overpressures and relatively high im-
pulses (longer durations) at close-in distances, with gradual change to nearly
identical pressures and impulses with increasing range. Below about 10 psi
overpressure, blast characteristics from the two types of sources appear to
be essentially identical. The term "terminal yield'' has been introduced to
designate blast yield calculated from measured blast parameters in the low-
pressure regime, The basis for estimating the terminal yield is usually a
source of compiled blast data for hemispherical TNT charges detonated on
the ground (see ref. 2).

A third facet of difference between TNT explosions and liquid propellant
explosions can seriously affect our ability tc predict fragment velocities of
appurtenances., For TNT explosions, there are available both a quantity of
measureraents of time histories of dynamic pressures, and also proven comn-
puter programs which can predict time histories of this and other physical
properties of blast waves. For liquid propellant explosions, the only com-
plete body of data available is for time histories of overpressure, from Pro-
ject PYRO (refs. 15 through 17). Methods are presented in Section !I for esti-
mation of certain blast wave properties for several propellant combinations in
test configurations which simulate accidental spill and subsequent ignition
(identified in Section Il as CBGS - Confined By the Ground Surface). The
parameters which can be estimated, given type of propellant, total weight of
propellant W, impact velocity Uy, time of ignition t, and distance R from
the center of the explosion to an appurienance, arve the side-on peak overpres-
sure P and the side-on impulse I, As we see later, these values must be
used together with other data to estimate the pressures exerted on a body as
the blast wave diffracts around it.

c. Interaction of Blast Waves with Appurtenances - To be able
to predict velocities to which appurtenances are accelerated by propellant
blasts, we must know something about the physics of interaction of blast waves
with solid nbjects, Some of this knowledge is briefly reviewed here. Figure
13 shows schematically, in three stages, the interaction of a blast wave with
an irregular object. As the wave strikes the object, a portion is reflected
from the front face, and the remainder diffracts around the object, In the
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FIGURE 33. INTERACTION OF BLAST WAVE WITH
IRREGULAR OBJECT.

diffraction process, the incident wave front closes in behind the object, great-
ly weakened locally, and a pair of trailing vortices is formed. Rarefaction
waves sweep across the front face, attenuating the initial reflected blast pres-
gsure. After passage of the front, the body is immersed in a time-varying
flow field, Maximum pressure on the front face during this "drag'' phase of

loading is the stagnation pressure.

We are interested in the net transverse pressure on the object as a
function of time. This loading, somewhat idealized, is shown in Figure 34,
(Details on calculation are given in The Effects of Nuclear Weapons, ref. 34,)
At time of arrival t,, the net transverse pressure rises linearly from zero
to maximum of P, in time (Ty -t,) (for a flat-faced object, this time is
zero). Dressure then falls linearly to drag pressure in time (T2 -T,), and
then decays mnre slowly to zero in time (T3 -T2). The time history of drag
pressure is a modified exponential, with maximum given by

CpQ - Cp * 80, ug (38)

where Cp is the steady - atate drag coefficient for the object, Q is peak
dynamic pressure, and 3, and u, are peak density and particle velocity re-
spectively for the blast wave, The characteristics of the diffraction phase of
the loading can be determined easily if the peak side-on overpressure ¥, or
the shock v=iocity U are known, together with the shape and some charic-
teristic dimensio.. D of the object. The peak amplitude of the drag phase,
CpQ. can also be determined explicitly from P, or u, But, the time
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FIGURE 34, TIME HISTORY OF NET TRANSVERSE PRESSURE ON
OBJECT DURING PASSAGE OF A BLAST WAVE

history of the ensuing drag loading, Cp q(t), is quite difficult to predict
accurately for propellant blasts.

d. Method of Estimating Net Transverse Pressure - The
method we present here utilizes the fits of Section II to PYRO data for side-on
blast parameters, an assumed time history of drag pressure known to be rea-
sonably accurate for TNT and nuclear blasts, estimates of diffraction times
based on shock tube experiments, drag coefficients from wind tunnel data, and
reflected and stagnation blast front properties based on equations which are
well known in blast physics.

Side-on overpressure is often expressed as a function of time by the
modified Friedlander equation (see Chapter 1 of ref. 1).

pt) = P’(l-t/'l')e.bt/’r (39)

where T is the duration of the positive phase of the blast wave, Integrating
this equation gives the impulee

T
.e°b;
l:jp(t)dt:g‘-’![l-i—"—”: ] (40)
[+]

The dimensionless parameter b is called the time constant, is a function of
shock strength, and is reported in Chapter 6 of ref, 1. It ie plotted graph-
ically in Fignre 35 for a range of shock etrengths P. where
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P = P/p, (41)

and p, is ambient air pressure. The peak reflected overpressure P, and
peak dynamic pressure Q are unique functions of P for a given ambient
pressure p,. For shocks of intermediate to weak strengths, P < 3.5, these
functions are (see ref. 1, Chapter 6):

B, - 2B + L= (42)
and

JEE g
where

P, = P,/p,. Q - Q/p, (44)

For the time history of drag pressure, a good fit to experimental data for TNT
is a slightly modified form of that employed by Glasstone (ref. 34),

qt) = Q-t/T) e (45)

The procedure for determining the transverse loading blast parameters in
Figure 34 which are independent of object size and shape is then as follows:

(1) Obtain P and I from curves in Section II

(2) Calculate P

(3) Read b from Figure 35

(4) Solve Equation (40) for T, knowing P, I, and b

(%) Substitute P in Equations (42) and (43) to abtain i;r and Q

(6) Obtain P, and Q from Equation (44)

(7) Substitute in Equation (45) for q(t), realizing that T - T3 - t,

in Figure 34,

The remaining quantities needed to define the time history of trans-
verse preasure are dependent on the size and shape of the object, They are
only well defined for objects of regular shape, such as right circular cylirders,
flat rectangular strips, etc, Methods for estimating (T -t,) and (T, -Ty)
are given by Glasstone (ref, 34) for several such objects, and will not be re-
peated here, One does need to know, however, the shock front velocity U,
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This is a unique function of the shock strength P, and is given by (see
Chapter 6 of ref. 1)

T 6 P (46)

Drag coefficients Cp are available from Hoerner (ref. 35) for a variety of
bodies over a wide range of flow velocities. Estimates for the subsonic flow
range which applies over the shock strengths of interest to us are given in
Table VII. Melding these quantities, dependent on the size and shape of the
body, to the previous ones which are derivable from side-on blast wave pro-
perties permits an estimate of the entire time history of transverse pressure,
at least for bodies of regular geometry.

e. Methcd of Predicting Appurtenance Velocity - Once the time
history of net transverse pressure loading is known, the prediction of appur-
tenance velocity can be made quite easily. The basic assumptions are that the
appurtenance behaves as a rigid body, that none of the energy in the blast wave
is absorbed in breaking the appurtenance loose from its moorings or deform-
ing elastically or plastically, and that gravity effects can be ignored during
this acceleration phase of the motion. The equation of motion of the object is
then

Ap(t) = MX (47)

where A is the area of the object presented to the blast front, p(t) is the
net transverse pressure acco) ding to Figure 34, M is the total mass of the
object, and x is displacement of the object (dots denote derivatives with re-
spect to time). The object is assumed to be at rest initially, so that

x (o) = O, x (0 = O (48)

Eqnuation (47) can be integrated directly. With use of the initial conditions
(48), this operation yields, for appurtenance velocity,

(T}-ta)
'(t)——'?‘-f t)dt——élv 4
x "M ] pt "M d (49)

where 14 is total drag and diffraction impulae, The integrations in Equation
(49) can be performed explicitly if the pressure time history is described by

suitable mathematical functions, or performed graphically or numerically if

p(t) cannot be easily written in function form, In either case, Eguation (49)
yields the desired result—a predicted velocity for the ubject,

83




‘
Y M Y

TABLE VII

DRAG COEFFICIENTS, CD. OF VARIOUS SHAPES
(Source: ref. 35)

SKETCH

Right Circular Cylinder
(long rod), side-on

Sphere 0. 47
. Flow
N : Rod, end-on / 0.82
i !
3 4
s |
) } Flow
! Disc, face-on or 1. 17
i j
'
Flow
Cube, face-on /// 1. 05
i
)
‘ Cube, edge-on 0.80
!
; Long Rectangular Member, 2.05
' face-on
]
i
%

Flow
e
Flow
Long Rectangular Member, - 1.55
edge -on

Flow
Narrow Strip, face-on —— 1,98
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D. Correlation of Velocity Prediction Methods With Data

1. Prediction of PYRO Data by a Deterministic Method for CBM - A 1
deterministic method of predicting initial fragment velocities was described f
in Section III. C. It was found that initial fragment velocities could be ob-
tained by this method when some of the geometric characteristics of the ex-
ploding vessel were known and when certain properties of the explosive pro-
ducts formed upon detonation within the vessel were known. The data from
the Project PYRO tests were not really sufficient to properly quantify the
required independent variables for this method, because exact quantities of
propellant which mixed and exploded were not known. It was felt, however,
that certain reasonable values could be assumed for the unknown variables
(along with the measured values for other variables), and a feel for the appli-
cability of this method could be obtained. Accordingly, results for initial
fragment velocities were obtained from the computer program given in
Appendix C when values for the independent variables to be described were
used in it. These results were compared to PYRO data for mean initial frag-
ment velocities obtained from analysis of films of PYRO tests. The data from
the PYRO tests were limited to those cases which best approximatead the con-
straints of the deterministic method. The correlation between the data and
the theoretical values was good enough for ''reasonable” values of the indepen-
dent variables, that it may be concluded that a deterministic method of frag-
ment velocity prediction may be useful if sufficient knowledge is obtained of
the explosive product parameters in future testing.

a. PYRO Data - The test numbers for PYRO tests considered
in this correlation are given in Table VIII. Since our deterministic method is
based on a spherically symmetric containment vessel, it was reasonable to
take the cylindrical test geometry of the PYRO tests which most closely ap-
proximated spherical symmetry, i.e., L/D ratio closest to 1.0. Thus, only
tests with L/D = 1.8 (the smallest L/D ratio) were considered. Furthermore,
only confined-by-the-missile (CBM) cases were considered since confinement-
by-the-ground-surface (CBGS) cases do not represent internal explosions. To
ass re that well-confined explosions were being considered, only D,/ Dy - 0.45
cases were allowed. Finally, to simplify the assumptions made about the
reactants and explosive products, it was decided to take the LH,/LO, cases
only,

Daia for tests which meet these criteria are plotted ir Figures 3% and
37 for the 200-1b and 1,000-1b tests, respectively. In these plots, the mea-
sured initial velocity is plotted versus a measured yield. The measured ini-
tial velocity was obtained from measurements taken from films of the P YRO
tests (see Section Ii, A), The measured yield. Yy, is a quantity obtained in
the following manner, Measured blast overpressures obtained along blast
lines about the center of explosion for the various tests produced the PYRO
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"yield" values, Y. This yield value is the percentage of the total propellant
weight, W;, such that

where WpnT i8 the weight of TNT which would produce an equivalent serics
of blast overpressure measurements in air to those of a given test. The
weight of propellant which would produce the same blast effect as TNT is

H
TNT
WR = WINT “Hg (51)

where Wp is the weight of the reactants (or propellant) estimated to be in-
volved in the explosion from the blast measurements, and HTNT and Hg
are the heats of explosion per unit mass for TNT and the reactants, respec-
tively, For an LH/LO, explosion in which fuel and oxidizer are mixed
stoichiometrically, Equation (51) becomes

w
TNT
Wo - —INT 52
R 3.7 (52)

Meaasured yield, Y)4, is the ratio of the weight of the reactants estimated to
be involved in the explosion from the external blast measurements to the
total known weight of propellant. Thus, from Equations (50) and (52),

= ", = 3
™ = W, 3.7 (53)

Values for Y)q and Wpg appear in Table VIII along with measured initial
velocity.

Since measurements during the PYRO tests were all made external to
the confinement vessel, it is not possible to estimate from them how much of
the true blast yield was absorbed as kinetic energy of flying fragments, Thus,
neither the PYRO yield value, Y, or the measured yield value, Y)q, can be
used to determine the actual quantity of propellant involved in the explosion,
and Wpg is really only the quantity estimated by ignoring the effects of the
confinement of the detonation. This is an important point, as will be seen in
tt ensuing discussion, because our deterministic method requires knowledge
of the actual quantity of propellant involved and the characteristics of the re-
sulting explosive products, and to obtain this information one is required to
measure parameters internal to the confinement vessel, which was not done
in the course of PYRO testing.

.
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b. Data Predicted by Deterministic Method - in order to pre-
dict initial fragment velocities with our deterministic method, it is necessary
to have values for the following parameters related to the confinement vessel,
explosion products, and propellant ullage:

(1) The number of fragments, n, the vessel breaks up into;

(2) The peak overpressure, P,, attained in the volume occupied
by the explosive products immediately after detonation;

(3) The ratio of specific heats, =, which describes the region of
ti:e explosive products immediately after detonation;

(4) The speed of sound, a,, in the region of the explosive products
immediately after detonation;

(5) The radius, R, of the region of explosive products imme-
diately after detonation;

(6) The mass, M, of all the propellant not involved in the explo-
sion process plus the mass of the confinement vessel,

gHur gl

Physically, the explosion process is thought of as one in which a
volume of the fuel and oxidizer mix stoichiometrically and then form a gas in
the course of explosion whose volume and physical characteristics are des-
cribed by parameters 2 through 5 above at the instant immediately after the
explosion has occurred. All the rest oi the propellant is thourht of as inert

and merely augrienting the mass of the confinement vessel,

As was seen earlier in this section, Figure 29, our deterministic
method predicts that initial fragment velocities are insensitive co the numbex Z
of fragments, n, when n is on the order of 102 or more, It is relatively
insensitive down to n = 2. We picked n = 102 as a reasonable number of :
fragments for the PYRO tests investigated here. Also in this same section,
Figure 30 indicates that above « = 1.2, the initial fragment velocities are
relatively independent of the value of %, The paraneter x ranges between
1.1 and 1.4 for most gases and tends to be lower for the same gas at high
temperatures (x = 1.3 for oxygen and hydrogen at 2,000°C, for instance,
while » = 1.4 for these gases at 15°C). We picked » = 1.2 for our explo-
sive products ''gas', although a choice of a larger x would have changed the
results very little,

Using the value for reactant weight, Wpg, described under the pre-
vious heading, we were able to calculate the energy of explosion for each test

as estimated from the external measurements. This was simply

E = Wg+ Hy (54)
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Based on the calculated density of a mixture of LH,/LO,; mixed stoichio-
metrically, we obtained a volume of reactants related to WpR for each test
from

w Vyey + V POX
VRz—-R, where p = H'H OX POX (35)

Vg + Vox

and
8 Ve = VoxPox

where p and V are density and volume, respectively, and the subscripts H
and OX refer to LH, and LO,, respectively, It should be stressed at
this point that E and VR refer to some weight Wp of reactants that was
thought to be involved in the explosion process from external measurements.
Obviously, this E is less than the actual energy of explosion, since it repre-
sents only the shock energy imparted to the air about the confinement vessel
and does not account for kinetic energy imparted to the fragments, energy
lost as heat and light to the air, energy lost through fragment heating, etc.
The calculated volume of the reactants associated with energy of explosion E
is also lower than the actual volume for the above reasons. Nonetheless,
assuming these values for E and VR are reascnable approximations for the
real situation, for the stoichiometric mixture of L.H;/LO, one may obtain
the peak pressare, P,, from:

Poo VR r\Po (po) I/K]

x-1 | Pgo Poo

E =
POO

(56)

where P,, is the ambient pressure (taken as 14.7 psi). This was done for
our values of E, VR, and x using the Newton-Raphson iteration technique
for root finding, The program used (in the FORTRAN IV language) appears
in Apperidix D, The results predicted peak pressures of nearly 104 psi within
the explcsive products. Since E and VR are both proportional to Wg,

this result is independent of the weight of the reactants, and the same value
(Py = 104 psi) was used for precicting fragment velocities from all PYRO
tests considered.

Picking a value for velocity of sound, a, was complicated by the
fact that this is a quantity that cannot be inferred {rom external measurements
at all, It is an intrinsic property of the explosive products, a function of
thermodynamic parameters such as temperature, density, and pressure, as
well as the microscopic state of the ''gas'’ at the instant of explosion. Since
we had assumed gas-like properties for the explosion products, however, and
since sound velocity would certainly be in the range 103 to 105 in./sec for
gases under most conceivable conditions, we calculaied fragment velocity,
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Us, asa function of a, and R, for fixed n, M, Pg,, and » to obtain an
estimate of the sensitivity of Ug to a4 and R,, relatively. This plot,
appearing in Figure 14, shows that over the orders of magnitude chosen for
ag Ug is relatively insensitive to a, and relatively sensi‘ive to R,.
Accordingly, we chose ag = 104 in./sec as a constant value for all tests.
This value is a reasonable one for gases whose sound velocities vary in the
range 1.0 to 5.0 X 104 in./sec for the most part under normal conditions.
Furthermcre, our results would not be as sensitive to error in this param-
eter as they would be to error in R,. If one assumes that the density of the
explosive products gas is equal to the density of the LH,/LO, mixture deto-
nated as reactants {i.e., see Equation (55)) which formed it (certainly an ex-
treme and unlikely case), nonetheless a. for a given R, calculated from

P ' b
ag =\/ p° (57)

gives a fragment velocity very close to the same one obtained using ag = 104
in./sec (as seen from Figure 38).

-t -

-

PRy -

The mass, M, required by our deterministic method is obtained
from

————— v . s S

M:Mt+Mta-MR (58)

where subscripts t, ta, and R refer to the total propellant weight, the tank,
and the reactants, respectively. Again, since Mp must be the mass of the
actual quantity of reactants involved in the explosion process, it could only be
estimated from the exterr.al PYRO measurements, that other internal mea-
surements would be required to ascertain this quantity for each test, From -

the yield values it is apparent, however, that MR was probably small rela- ?
tive to My and M;,. We estimated Mg based un twice the calculated
value Wgp. This produced corrections in M on the order of less than 10%.
Values obtained for M are given in Table VIIL

As was shown in Figure 38, the fragment velocities obtained from our
deterministic method are most sensitive to values of R, chosen to describe
the radius of explosive products at the instant immediately after detonation.
Since Wpg is obviously lower than the actual weight of reactants involved in
the expiosion process, at least a lower limit could be obtained for R, based
on

(4/3)nR°3 = VR = WR/P (59)

from Equation (55). We assigned an upper limit on R, baaud on the maximum
radius a sphere would have which had the same volume as the confinement
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vessel tank whose dimensions were obtained for the 200 and 1,000-1b tank
tests. Thus, R, could be larger than the radius of the tank since the latter
was a cylinder, but was of the same order of magnitude.

Within these brackets, an R, was chosen to give a reasonable value
for initial fragment velocities for one PYRO test for each of the tank sizes.
P, was then varied as the cube root of the measured yield for the other
te... -ad a corresponding Us was calculated by the deterministic method.
Values for R, are given in Table VIIL Figures 36 and 37 show the com-
parison of the measured and calculated fragment velocities for the 200-1b and
1,000-1b tests.

c. Conclusions - Initial fragment velocities obtained by our
deterministic method predict measured fragment velocities from Project PYRO
tests relatively well when reasonable values are chosen for the unmeasured
parameters. It should be noted that the values for R, in Table VIII are all
within a reasonable range relative to tank geometry. Our results indicate
that a tho.ough knowledge of the internal parameters on just one test for a
given tank geometry could probably allow reasonable predictions for initial
fragment velocity, using this method, for all tests of that geometry based on
external measurements alone (i.e., internal measurements would only have
to be made once). Finally, the great difficulty in any deterministic approach
for predicting fragment velocities for liquid rocket explosions (CBM) in
general, is in obtaining data on how much of the reactants are actually going
to be involved in the explosion. It seems that fragment velocity will be rela-
tively independent of the number of fragments and even of the thermodynamic
properties of the explosion products gas (except the peak pressure generated)
but it is very sensitive to the quantity of reactants involved in the explosion
process.

2. Correlation of Velocity for Fragments from CBGS Tests with
Predictions - The method given earlier in this section can, in
theory, be used to predict velocities to which parts of the missile and appur-
tenances are accelerated by explosions during CBGS tests of PYRO, In prac-
tice, the method can only be applied to a limited number of the CBGS tests for
which we measured fragment velocities. To use the prediction method:

(1) We must know blast yleld Y and total weight of propellant Wr.,

(2) We must know the distance R of the fragment or appurtenance
from the center ‘of the explosion.

(3) We must know the geometry and mass of the fragment,

(4) Blast wave properties at the initial location of the fragment must
lie within the range of the PYRO data.
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We obviously satisfy the first requirement, but we can only estimate the second

two. Also, the parts of the tankage which we believe constitute most of the
visible fragments are located so close to the source that the blast is much
stronger than for any of the PYRO blast data. Accordingly, only a rough
"gpot check' can be made to determine if the prediction method seems rea-
sonable.

The test chosen for prediction was Test 293, a LO,/LH, CBGS test
with 1,000 1b of propellant impacting at 44 ft/sec. The measured blast yield
was 3.9%. Twenty-six fragments were observed, with a mean velocity of
464 ft/sec * 226 ft/sec (Table V). From descriptions of the test apparatus
and method in reference 16, the dimensions, material, and skin thickness of
the tankage are known, as well as the rest position after drop impact. We
believe that the majority of the observed fragments were relatively large
pieces of the tank skins, made of 0.060-inch thick aluminum alloy. The lower
part of the tank was about 3 ft above the center of the explosicn,* but the
middle of the tank was about 10 ft from the center of the explosion. So,
approximate values for input parameters are as follows:

Blast
R = 10 ft
W = 1,000 1b
Po = 14,7 psi
a, = 1,088 ft/sec
Shape - circular disc of 12-inch diameter
Thickness - h = 0.060 in,
Density - p = 2.59 x 10°4 1b sec?/in.4

From Equation !3), Section II, the equivalent weight of propellant for blast is

- X . 3.9 |
W = Wp XTog = 1,000 x {55 = 39 1b

Scaled distance is

/w1 - 1073913 = 2,94 /1613

*In the PYRO CBGS tests, the tank assembly was arrested by stops at the
bottom of its fall after striking cutter blades which ruptured the tank
bottome.
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From Figures 22 and 23 in Section II, the blast pressure and scaled impulse
are:

s

3 3

P = 80 psi; I/W’l = 30 p:li-msec/lbl
I = 30 x 3.4 = 102 psi-msec

Dimensionless overpressure is

P = Plp, = 80/14.7 = 5.45
From Figure 35, the time constant b can now be determined. It is
b = 10

From Equations (40), (41), and (44), we can calculate di_x_nensionlesa reflected
pressure 13, drag pressure (, and shock velocity, U. Multiplying by

Po or a, the corresponding dimensional quantities are:
P, = 49Cg-i
Q = 72 psi
U = 3.15x 104 in./sec

Solving Equation (40) for duration T, we have

.e-b -e-10
T = Ib/{P [1 - L‘-—E——’-]} = 102 X 10/{80 [1 - ﬂ%——l] = 14,2 msec ;
L

To complete the description of the transverse pressure loading, we must know

the drag coefficieat Cp and two characteristic times for the diffraction phase

of the loading. The drag coefficient for a flat disc is, from Table VII, .
Cp = 1.17. The rise-time (T; -T,) is zero.* and

(T, -Ty) (—g—) % (60)

where D is diamet. r oz the disc.

12 1
(T2-Ty) = ('z') (3. 15 x xoz) *~ 0.2 msec

*See Glasstone, ref. 34,
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All of the parameters needed to define the time history in Figure 34 are now
known. After numerical integration, we get for the integral in Equation (47),

Iq = 139 psi-msec
Finally, predicted velocity is

A I3 139 x 10~3

- Id:_:
M bh ~ 5 50 x 104 x 6 x 10-2 x 12

Ui=

U; = 745 ft/sec

Comparing this to the measured mean value,

U; = 464 £ 226 ft/sec

we see that the predicted value is of the correct order of magnitude, but too
high. The blast parameters, and consequent predicted velocities, are, how-
ever, very strong functions of the assumed standoff distance R, particularly
at small standoffs, We could quite easily have predicted velocities very much
higher and very much lower than the measured values by simply choosing 2
range of values for R covering the extremes of distances of the tank from

the blast source. All that we can conclude is that the prediction method yields
velocities which appear to e of the same magnitude as the measured velocities.

E. Frequency Distribution of Initial Velocity

Since the number of fragments which could be traced in each selected
film from Project P YRO were relatively small, a logical grouping of the data
was considered in order to determine the initial velocity frequency distribu-
tions.

Since the data on fragment distance versus yield (%) in Section IV
showed good correlation, a desirable grouping appeared to be over a medium
yield (%) range within & configuration and propellant type, The groupings are
shown in Table IX and are:

(1) CBM, LO,/LH,, Yield from 10 to 29%, group sample size 108.
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(2) CBM, LO,/KRP-1, Yield from 9.8 to 20%, group sample size 131.

(3) CBGS(Vertical), LO,/LH;, Yield from 12 to 22%, group
sample size 15.

(4) CBGS(Vertical), LOZIRP-I. Yield from 10 to 30%, group
cample size 72.

*
The data for U, were ordered, and 10th through 90th percentiles (in 10%
steps) were determined.

The percentiles were plotted on normal and log ncrmal probability
paper. The log normal plots were the best fits. These plots are shown in
Figures 39 through 42, The parameters for the log normal distribution can
be estimated, according to Hahn (ref, 36) as follows:

The mean, ., can be estimated as_the logarithm (to the base e) of the
50th percentile. The standard deviation, 0, can be estimated as two-fifths
of the difference between the logarithms of the 9Cth and 10th percentiles.

The estimated means and standard deviations are shown in Table X. Good-
ness of fit statistics were calculated using the "W" test as described by Hahn
and Shapiro (ref. 36). The method and calculations are described in
Appendix F and discussed in more detail in Section IV, The calculated values
of the "W'" gtatistics for the four log normal distributions are:

(1) CBM LO2/LHp - .925
(2) CBM LO2/RP-1 - .947
(3) CBGS LO/LH; - .973

(4) CBGS LO2/RP-1 - .989 1»
Referring to Figure 48, Section IV, the approximate probabilities for

obtaining values as low as the calculated values of "W'", given that the stated
distributions are the correct ones, are:

(1) . 415
(2) .610
(3) .915
(4) . 990
*Up is defined in Equsaon (5), and is taken to be an approximation of the
initial velocity. ,
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TABLE IX. GROUPING OF TESTS BY PROFELLANT
AND CONFIGURATION

. . PYRO Yield, Y Weight, W Sample
Propellant | Configuration Test No. (%) (1b) Size
LO,/LH; CBM 051 22.0 200 9
090 29.0 200 7
091 13.0 200 12
094 25.0 200 11
118 20.0 200 8
200 17.0 200 26
212 27.0 1,000 8
265 10.0 1, 000 27
LO,/RP-1 CBM 48 9.8 200 12
87A 16.0 200 15
192 14,0 1, 000 14
193 20.0 1,000 14
209 10.0 1,000 15
270A 13.0 1, 000 32
278 13.0 25,000 16
282 13.0 25,000 13
LO,/LH, CBGS
(Vertical) 106A 22.0 200 i2
115 15.0 200 14
152 14.0 200 14
184 17.0 200 16
197 19.0 200 18
211 12.0 1, 000 17
230 21.0 200 21
266 14.0 1,000 19
288C 13.0 25,000 20
LOZ/RP-I CBGS
(Vertical 107 29.0 200 21
109 10.0 200 11
191 13.0 1, 000 <4
219 14.0 1, 000 16
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ENTILES, MEANS AND STANDARD DEVIATIONS

- TABLE X. PERC
FOR GROUPED VELOCITY DATA (fps)

CBM CBM CBGS CBGS
Percentiles LO,/ LH, LG,/ RP-1 LOy / LHp LO,/RP-1
10 105.8 290.0 170.0 160.1
20 228.6 414.3 219.2 262.3
30 393.3 536. 8 289.3 316.8
40 541, 8 714,2 345, 1 364.9
50 642.0 822.8 459, 4 388.3
60 821.4 973.3 594, 3 431.2
70 915.0 1096. 3 728.8 498.5
80 1102. 7 1216. 8 897.7 573.4
90 1249.3 1405. 6 1169.9 790.5
Estimated
Mean™ 6. 464 6.713 6.129 5,962
Estimated
Standard
Deviation™® . 9875 . 6313 . 7715 . 6387
%
Log Normal Distribution, to base e. To convert to fps, take
anti-logarithm
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to reject the chosen distributions, the fits are assumed adequate. The deri-
vation of data for Figure 48 in Section IV is given in Appendix G.

The normal and log normal density function equations are given in

Since a probability as low as . 10 is considered insufficient evidence ’
‘ Equations (62) and (63) in Section IV.
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IV. DETERMINATION OF FRAGMENT SIZE AND RANGE

A. Retrieval of Data from Accidents and Tests

All of the accident and test data which were retrieved were reviewed
for pertinent information on fragment gsize, distance, and distribution.

The criteria for each fragment were that the range, weight and maxi-
mum projected area be specified. The nature of the test or accident, blast
yield, type of propellants, etc., were also of interest.

From approximately 168 reports and memos reviewed, only eight
events, listed in Table XI yielded sufficient information to meet the abov.-
listed criteria. There were many other reports which had partial information,
such as distance listed for fragments over 5 pounds, with fragments under 5
wounds listed in number per square yard.

The eight events listed in Table XI can be classified in three groups as
follows:

(1) Events 1 and 2 were Saturn IV confined by missile (CBM),
LOZ/LHZ explosions.

(2) Events 3, 4, and 5 were spill tests using three tanks, on 120°
radials with LOZ/LHZ/RP- 1, and mixing on the ground (CBGS).

(3) Events 6, 7, and 8 were mixing tests using two tanks with
LOz/LHz and pouring the contents of one tank into the other.

Event 1 was Project PYRO test number 62, a Saturn IV vehicle with
91, 000 pounds of LOz/LH2 propellant, with self ignition, and a 5% yield.
Complete details of the test can be found in Reference 16.

Event 2 was also a Saturn IV vehicle, witn 101, 198 pounds of LO /LHZ
aboard. The yield was estimated to be 1.1%. Complete details of the mal-
function can be found in Reference 38.

Events 3, 4, and 5 are described fully in Reference 24. ‘The teusts were
conducted using 1/25 scale quantities of the propellants for the Saturn C-2
vehicle (i.e., 7880 1b of RP-1; 32, 928 1b of LO,; 3032 1b of LH,). The indiv-
idual parts of the propellant were placed in spill tanks placed on 120° radials
from some central location. The spill tanks were tipped toward this central
location so that all three parts combined. They were then detonated from the
central location by a small charge of C-4.
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TABLE XI - CHART OF EVENTS

Event | Ref. Test or Propellant | Total Propellant Yield Y,
No. No. | Accident Type Type Weight (1b) Percent
1 16 PYRO Test #62 I..OZ/LH2 91, 000 5.0

(SATURN IV)
2 38 S-1v LOZ/LH2 101, 198 1.1
3 24 J2 Spill Test LOZ/LHz/RP-l 1,754 23.0
4 24 | J3 Spill Test LOZ/LHZI RP-1 1,754 24. 4
5 24 | J1Spill Test LOz/LHZ/RP-l 1,754 62.6
6 39 Mixing Test LOZ/LH2 240 86.0
7% --- Mixing Test LOZ/LH2 240 70.0
8% --- Mixing Test LOZ/LHZ 240 73.0

¥ Data from these tests were furnished by the NASA test director, Mr. J. H.
Deese. There is no formal reference.
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The method for event 6 is described in reference 39. Events 7 and 8
were similar. These were autoignition mixing tests using 240 pounds of LO_/
LH_, pouring one tank into the other. Photographs of each fragment, along

witﬁ fragment maps and fragment weights were supplied by the NASA Test
Director, Mr. J. H. Deese.

B. Data Reduction

The data from each of the events were reduced by careful analysis of
each fragment to assure that size (maximum projected area), weight, and dis-
tance were specified. In some cases, it was possible to fill in missing items
by estimating weight and/or size from information supplied by descriptions
or photographs. Because of the paucity of fragment data, considerable effort
was expended to extract as much fragment data as possible, without undue loss

in accuracy of the parameters. Distances for each fragment were determined
from fragment maps.

For each event, data including event code, fragment number, distance
(R) in feet, weight (W) in pounds, width in inches, length in inches, maximum
projected area (A) in square inches, area divided by weight (A/W), and drag
coefficient (CD) we~e entered on key punch sheets. The drag coefficient was
estimated from photographs and descriptions, and subsequent comparison with
Table VII. Cards were keypunched and used in the analyses which are de-

scribed in the follcwing sections. A listing of all fragment data by event is
available if desired.

C. Statistical Studies

1. Computer Routines - Using the Biomedical Computer Programs

(Ref. 40), with a CDC 6500 computer. the data from each event was subjected
to the follmring routines:

(1) Means and variances were calculated for R, W, A, AlW,
CD, Log R, Log' W, Log A and Log A/W.

(2) Histograms were constructed for the parameters listed in (1)
above.,
(3) Correlation plots were made for R versus W, R versus A,

R versus A/W, R versus Log W, and R versus (A/W) CD.

2. Preliminary Analysis - The output from the correlation routine
was studied to determine if there were discernable patterns ol ccrrelation
between parameters within an event. 'While there was some general pattern
in some cases, as a whole, the scatter was so great as to discourage further
inquiry along these lines. This result could be explained by not considering
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(because of a lack of knowledge) the flight angle and initial location of the
fragments.

The histograms were studied to relate the parameters R, W, A, and
A/W to probability frequency distributions. Since the sample size varied
from 31 to 1056, the histograms varied in information conteat in about the
same ratio. However, the form of some of the histograms suggested that a
normal probubility density function would supply an adequate fit, and others
offered the possibility of a - . : t by a log normal distribution.

The rormal distribution can be written as:

f(x)= (1/\/211.0) exp [- (x-u)Z/ZOZ] y - 00<X <,

-m<M, g< @ > (61)
where o is the standard deviation and H is the mean.
The log normal distribution can be written (ref. 36):

f(y) = (112 ov)exp [(lny - u)z/?.oz)} , 0 <y<oo,

-o>H< o, 0>0, (62)
where o is the standard deviation, M is the geometric mean, and x is Iny.

The Weibull distribution was also considered, but later results showed
that better fits were obtained by the normal and log normal distributions.

Table XII presents the mean, standard deviation, standard error of the
mean, sample size (number of fraginents), maximum, minimum and range
(maximum value minus the minimum value) for R, W, A, AlW, l..og10 W, and
LOglo A.

3. Probability Density Functions - The data for each parameter of
interest within an event was sorted in ascending order and the value fcr the
parameter for the 10th to the 90th percentiles in 10% steps was identified.
Table XIII is a listing of these values. The use of order statistics tends to
equalize the effects of varying sample size from event to event.

A plot on normal and log normal probability paper was then made for
each parameter for each event. Figure 43 is a plot of distance for event 3
on normal probability paper. Figure 44is a plot of the same data on g
normal probability paper. Since the points on the normal probability p«per
lie closer to a strauight line than those on the log normal paper, the normal
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OF EVENTS )} THROUGH 8

TABLE XIII - PERCENTILES FOR PLOTTING PARAMETERS

|
‘ Event Percent Distance (R) | Weight (W) | Area (A) Area/Weight (A/W)
i (ft) (1b) (inz) (inzllb)
| 1 10 222 2.0 96.0 26.0
i 20 287 2.0 145.0 44.0
| 30 331 3.0 209.0 55.5
} 40 372 4.0 280. 0 67.2
| 50 408 5.0 260, 0 76.0
| 60 449 7.0 440.0 88.0
| 70 521 8.0 578, 0 100.0
80 608 9.0 768.0 120.0
90 722 16.0 1296. 0 144.0
Z 10 60 2.5 8.0 1.2
20 130 5.0 34.0 6.1
30 225 8.0 140.0 19.3
- 40 300 10.0 220.0 33.6
2 50 325 14.0 330.0 43.2
Da 60 350 21.0 528. 0 55.9
S 70 375 26.0 1062.0 72.0
80 450 40.0 1566. 0 90.0
90 550 90.0 3600, 0 113.1
3 10 138 8.0 44.0 2.2
20 198 11.0 144.0 3.8
30 375 20.0 192.0 3.9
40 695 26.0 216.0 4.4
50 825 42.0 288.0 5.6
60 990 61.0 360, 0 14.1
70 1050 90.0 480.0 24.0
80 1523 108.0 864.0 28.)
90 1650 141.0 3456, 0 28.8
4 10 242 13.0 120.0 3.3
20 466 26.0 180.0 3.8
30 510 35.0 216.0 4.4
40 608 41.0 360, 0 7.5
50 708 52.0 576. 0 14.0
60 823 76.0 864, 0 26.2
70 912 95.0 1152.0 27.9
80 1003 125.0 2304.0 28.1
90 1110 185.0 4320.0 28.3
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Event Percent <tance (R) | Weight (W) Area (A) | Area/Weight (A/W) ‘
ft) (Ib) (in%) (in%/1b)
5 10 210 15.0 72.0 2.1
20 300 18.0 144.0 3.5
30 680 20.0 192. 0 3.6
40 825 48.0 240.0 3.7
50 925 55.0 2885 3.8
60 1035 65.0 360.0 4.0
. 70 1120 97.0 432.0 7.2
z 80 1220 110.0 576. 0 13.4
= 90 1730 125.0 1296.0 27.0
.
~ 6 10 45.0 . 605 0.4 14. 286
; 20 82.0 . 010 0.5 27.996
!\ 30 106. 0 . 018 1.3 54,762
" 40 127.0 . 028 2.0 70. 000
50 148.0 . 044 2.7 80.176
60 169.0 . 069 4.1 88. 888 ;
70 192.0 . 108 6.3 100. 000 :
80 233.0 . 210 12.0 119, 469
90 281.0 . 627 24.0 160. 894 i
7 10 50 . 025 1.0 10. 000 :
20 80 . 051 2.0 20. 000 {
30 103 . 090 3.0 30. 000 3
40 125 . 100 4.0 45,557 ¢
50 141 . 100 6.0 57.600 :
60 162 . 135 8.0 69. 767
70 185 . 209 14.0 80.000
80 238 . 400 24.0 93,023 :
90 293 1.833 69.0 127. 660
8 10 35 . 022 1.5 10. 000
20 67 .039 2.5 28. 000
30 108 . 064 3.8 44,280 ?
40 142 . 100 5.5 61.303 ;
50 162 113 8.0 78.571 ¢
60 180 . 193 14.0 96. 154 ~
70 196 . 380 22.8 103,131
80 213 . 721 40.0 125,000
90 248 2.009 90.0 166.667
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distribution appears to be a better fit. Figures 45, 46 and 47 are examples of
the other plots. From the plots over all 8 events, it appeared that the normal
distributions adequately fitted the distance (R), and A/W and that log normal
distributions best fitted the weight (W) and area (A). A complete summary of
the fragment data is given in Table XIV, giving the estimated standard devia-
tion (S), and mean (M) for the respective distributions for each parameter in
each event.

A "W" statistic for goodness of fit for each parameter was calculated
using the methods outlined by Hahn and Shapiro (Ref. 36).

The approximate probability of obtaining the calculated test statistic,
given that the chosen distribution is correct, was ther determined, and is
shown in Table XV. Figure 48 is a plot of Table XV, and can be used to de-
termine the approximate probability of obtaining a value as low as the calculated
value of "W", given that the selected distribution is the correct one. The
values in Table XVI were calculated usirg the method and formula outlined by
Hahn and Shapiro (Ref. 36).

Table XVI is a summary of the "W' test on normality for R, W, A, and
A/W for the eight events. The method, and sample calculations for the W
statistic and the probability of obtaining the calcul ‘ted value of W are given
in Appendices E and F.

Referring to Table XVI, we see that there are 32 distributions, one
each for R, W, A, and A/W for each of the eight events. The probability of
obtaining the calculated value of "W' is greater than 50 percen for all except
the A/W distributions for events 3, 4, and 5, indicating adequate fits for all
except these three distributions, as it is customary to consider values exceed-
ing 2 to 10% as adequate grounds for not rejecting the hypothesis that the data
belong to the chosen distribution. It is interesting to note that each of the
parameters i3 distributed in the same family (i.e., normal or log normal)
across all eight events. That is, distance (R) has a normal distribution func-
tion in each of the eight events, indicating a repeatable pattern.

The estimate for the means and standard deviations for each of the dis-
tributions is given in Table XIV.

D. Methods of Prediction of Range Versus Fragment and
Blast Yield Parameters

1. Determination of Mean Range of Fragments Versus Blast Yield by
Regression Analysis - The mean distance R versus the yield Y in percent and
equivalent pounds of TNT, wTN for the 8 events was plotted on log-1 ;

[

paper and is shown in Figures ’]4‘9 and 50, respectively. As can be seen,
when events 6, 7 and 8 which are the mixing tests are excluded, there is more
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.764
.791
. 829
. 859
.921
. 935
. 945
. 969
.978

.988

116

"W'" TEST FOR NORMALITY (n =9)

Pe rcentage
1.9
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38.2
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scatter on the TNT chart than on the percent yield chart. A regression
equation was derived to describe a linear fit to the points. Events 6, 7 and
8 were excluded on the basis that the propellants were mixed differently than
in events 1 through 5. The equation is: '

R =314.74 Y2775 (63)

This equation should be limited to the range of weights and configurations of
events 1 through 5.

The line is drawn on Figure 49, and the predicted versus observed
values of the mean distance ior the 5 events can be read from the chart. On
Figure 49, the maximum dbserved distance is also shown for each event.

In Figure 51,the upper dashed line shows the estimated distance which
should contain at least 95% of the fragments. Table XVII shows the upper 95%
confidence limit (CL) on the estimate of the mean (M), the upper 90% confidence
limit on the estimate of the standard deviation, and the various quantities
necessary to calculate these confidence limits.

The confidence limit on the mean was calculated using the following
formula:

CL=M+%t ; 95,
n n

n is the number of fragments and t_; 95 is the value of the t distribution with
n s
a degrees of freedom at the 95th percentile.

The confidence interval for the standard deviation was calculated using
the following formula:

1/2
£x%i - (£X )%/ n 64)

2
X (n-1); 90

CL =

Where Xi is the distance of the ith fragment, n is the number of fragments,
and Xz(n-l .90 i8 the value of a chi square distribution with n-1 degrees of
freedom at lhe 90th percentile.

Then, using the new upper confidence level values of M and S, the
range ?(95 in which 95% of the fragments should fall was calculated as follows:

R.=M+S
95 tn; 95

The interval from the mean (M) to ﬁ95 is indicated for each event on Figure 51
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by a bar.

A line was then drawn parallel to the re gression line, and just touching

Thus, the distances read from this line could be expected to

the longest bar.
ra a given yield.

encompass at least 95%, of the fragments re sulting fro

2. Determination of Mean Range of Fragments by Use of Ballistic
Equations - The range of a fragment produced by a missile explosion may be
determined from ballistics eqaations if sufficient information is available
about the initial fragment velocity and fragment characteristics. Specifically,
it is necessary to kncw the following parameters:

(1) The fragment mass, M

(2) The initial fragment velocity, Uf

(3) The initial elevaticn of fragment trajectory, ©
(4) The fragment cross-sectional area, A
(5) The drag coefficient for the fragment, CD

(6) The density of air, p .
air

Having given these parameters, the range of the fragment may be ob-
tained from the equations of motion solved for the total time of flight of the
fragment. This method is described and the following equations completely
derived by J. J. Oslake, et al, (Ref. 41) for the case of a missile exploding

tion that air density remains constant along

on the launch pad with the assump
the trajectory of the fragmenis produced. Only drag and gravitational forces

are assumed to act ¢ the fragments where

2
F =- (/20 0, AC,, Fg=-Mg (65)

are the vertical componcnt of the drag force and the gravitational forces,

respectively. (p = pair and U, = vertical velocity of the fragment.) The
equation of motion fof vertical acceleration may be integrated to obtain t

as a fuaction of Uz’ which gives

1 -1
= e—— )
t — tan (U 20 c/g) (66)
for the case in which U_=0 (i.e., t_is the time of rise for the fragment).

In Eq. (66) Uzo is the iZitial vertical fragment velocity and

- g S~y e Ak ur




-fh) S 7

The equation of motion for the fall of the fragment may be similarly integrated
to obtain

1/
2Cz 2Cz 2
b= o= En[(Ze M o+ [ee M-n®-1] ] (68)

£ Zyee

where
1, [ 1 ]
Z..= — 4n ——— (69)
M
c Lcos (ﬁ tr)
The total time of flight of the fragment 1is
T =t +t (70)
by f

where tr and t. are functions of initial conditions only. Finally, the equations
of motion for radial acceleration of the fragment may be integrated to obtain
the range R interms of T

1
= = £ + T 1
R - n (1+tc URo ) (71)

The range may be determined from our initial parameters, since ¢ is a
function of M, A, C , pair (Eq. (67)); URo is the radial component of the
given initial velocity, Uf:

\"A U,.cos ©

Ro f

Zo Uf sin ©

(72)

v

and thus is a function of Uf and 9; and T is a function of initial conditions Uf,
0, c and g.

A computer program in FORTRAN IV which computes fragment range
as a function of the independent parameters mentioned above is given in
Appendix H. This program was checked against the results of J. J. Oslake,
et al (Ref. 41); the check appears in Appendix H. The syinbols used in the
program as well as the input and output parameters are also discussed there.

This method of range prediction requires considerable information
about the fragments emanating from the mis sile explosion. In general, the
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initial fragment velocity, U ., may be determined by one of the methods describ-

A : f . .
ed in Section III. B, Fragment mass, cros s-sectional area, and drag coefficients
must be determined empirically. Drag coefficients for fragments at various
velocities are described by L. D. Heppner and J. E. Steedman (ref, 42). gt
Coefiicients for regular shaped projectiles (spheres and cylinders) are de-
scribed by E. Richards (ref. 43). A correlation between range predicted by
this method and that determined statistically for a "mean'' (or average) frag-
ment from the PYRO test data, event 062, is given in Section IV.E.

E. Correlation : :

1. Standard Statistical Tests

a. Standard Deviation Versus Mean Distance - Figure 52 is a
plot of the standard deviation of the distance versus the mean distance R for
each of the eight events. As one might expect, the standard deviation in-
creases as mean distance increases.

b. Results of Scaling A/W Parameter - From Appendix B,
formula B13 is:

t 2/3
G.7 = Af/Wf (73)

where A, is the fragment cross-sectional area (inz), and Wf (1b) is the frag-
ment weight. 4

Figure 53 is a plot of the geometric means of A/W versus geumetric
mean distancezl}3(ft) for the eight events. Figure 54 is a plot of the geometric
means of A/W versus geometric mean distance.

The points, excluding events 3, 4 and 5 have been fitted to a line with a
regression analysis which resulted in the prediction equation:

2/3) 0.78 (14)

[RF A

"~
R =9,864 (A/W

A .
where R is the mean range (ft), A is the area of the fragment ('mz), and W *
is the weight of the fragment (lb).

< e s

Thke exclusion of events 3, 4 and 5 car be justified on the basis that
A/W for these three events were noticeably low in probability of belonging to
the log normal family of distributions, while A/W for the other events showed
a high probability of belonging to the loz; normal family.

- -

Comparing the points in Figure 52 with those in Figure 54, it is ob- :
vious that, in this case, scaling of the A/W parameter improved the correlation

s
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the correlation coefficient, T,

ter with distance. In fact,
a A/W2/3,

of the scaled parame
degree of correlation between R an

is .97, showing a high

Mean Range of Fragment to

2. Correlation of Statistically Dete rmined
"Mean” Fragment - The

the Range Determined by Ballistic Equations for a

approach to the fragment range prediction prcblem which we originally anti-
cipated was to substitute data obtained from ctatistical analysis of test events
into the ballistic equations described in Section IV.C.2. This would have per-
mitted range predictions on the basis of observations of the initial fragment

velocities and fragment physical characteristics alone.

Unfortunately, we were only able to find one test which had sufficient
data to check this method. This was the full-scale test of 2 Saturn IV fuel
tank described in the Project PYRO Report, (ref. 16). For this test, both
films of the explosions and a post-explosion fragment survey were available.
It is identified as Event 1 in Table XI1I. The data provided were sufficient to
calculate the characteristics fragment whose prop-

of a "mean' fragment or 2
erties we.e considered to be those described by the arithmetic mean of all the
fragments observed.

From our statistical analysis, the properties of this
fragment were:

(1) The mean weight, W = 6.7971b

{2) The initial mean velocity, _ﬁf = 741 ft/sec
(3} The mean elevation angle, 0 = 12. 77°

(4) The mean cros s-sectional area, A =4.0 ftz

(5) The mean range, R = 447.4 ft

Values for Cp (the fragment drag coefficient) were obtained from
references 42 and 43, Cn = 0,404 if the fragment is modeled as a sphere

while Cp = 0.75 if the iragment is modeled as irregular in the sense de-

scribed by Heppner and Steedman in their study of fragme nt simulating pro-

jectiles, (ref. 42).
ctions using the various

Table XVIII shows the results of range predi
(TEMP) (see Appendix H).

Saturn IV test in progr.m

Cp and the data from the
TABLE XVIII - PREDICTED VS. MEASURED FRAGMENT RANGES
A "~
CD Predicted R for Mean Fragment, ft Measured R, {t
. 404 579 447. 4
. 150 353 447.4
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It can be seen from these results that reasonably accurate range values may be
obtained if an appropriate CD is chosen.

This range prediction method could be more useful if the fragments
were broken down into classes of narrow mass ranges whose mean velocity,
elevation angle, etc., were obtained from empirical considerations. Then
a predicted range mapping could be made, as a function of yield, with the use
of these ballistic equations. To do a complete empirical study, however,
would probably require arena tests using models of the actual missile tanks.
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V. EFFECTS OF FRAGMENTS
A. Introduction

It is desirable to have the capability to predict the probable damage
levels to humans, structures, vehicles, etc. at various ranges from an ex-
ploding missile. Damage can be produced due to the blast wave emanating
from the rupture of the missile or the interaction of the blast wave with ob-
jects surrounding the missile.

Damage caused by blast waves has been extensively studied and is a
result of the peak overpressure or impulse of the blast wave depending on the
nature of the "target'. Ref. 34 gives examples of this kind of data for damage
to humans as a function of peak overpressure. Since peak overpressure is a
function of range and yield, damage levels can be associated with these para-
meters.

In order to predict damage as a result of fragme ntation, it is necessary
to know the value of the terminal ballistic parameters of the fragments (i.e.,
velocity, range, mass, cross-sectional area, etc.). Insofar as the value of
these parameters can be determined from the characteristics of the missile
explosion, damage levels can be predicted as a function of yield.

In Sections II and IV of this report, we have tried to investigate
methods of determining fragment initial velocity and range by statistical and
deterministic methods. By and large, however, the empirical data are not
sufficient to cover the fragment damage problem on the basis of existing mis-
sile expiosion data. A great deal of work has been done, however, on the
problem of fragment damage from bomb explosions. We feel that much of this
work is applicable to the exploding missile problem, even though the initial
fragment velocities for the exploding missile would be primarily subsonic,
whereas those for exploding bombs are usually supe rsonic.

A considerable amount of investigation has been made of what the ter-
minal ballistics characteristics of a fragment must be in order to cause
damage to various "targets'. Equations for penetration of wood, steel, etc.,
of various thicknesses (as well as human simulators) have been developed
from empirical data which may be used to predict damage levels as a function
of fragment mass, velocity, and area. The probability of damage to these
targets at any range would be a function of the probability of arrival of a frag-
ment meeting the minimum specifications for the damage equations. The
probable fragment damage for a given range as a result of a missile explosion
is thus predictable when these two parts of the problem are solved:

(1) The probability of arrival at any given range of a fragiment
of specified mass and cross-sectional area, velocity, etc.
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:»‘;' 5 (ref. 45). The distribution of fragment masses may be given by:
Ryt O N (M) = No exp {- M/u) } (76)
‘f:“..’ where N is the number of fragments with masses greater than M, and W
4”'% equals 1, 1/2, or 1/6 the average fragment mass depending on whether Y
N equals 1, 1/2 or 1/3, respectively (ref. 46). Equation (76) actually thus
3 SCU defines three different mass distribution laws which are applicable for various
_ A, types of explosions (for a thick walled shell in a three-dimensional breakup,
‘ s M equals the average fragment mass and Y =1, for instance).

{1 ) ;o Appropriate values for the drag coefficient must be chosen in order to

Wer calculate the aerodynamic coefficient in the drag force equation, c, |[see

: ' Section III.B-1, Equation (67)] . Some values for C,, were given in Section
: ;‘5«4 } IV-C. For bomb tests, the values Cp =.48, .60 for sub- and supersonic frag-
& ‘ ment velocities seem to be common (Refs. 46 - 48) giving:
f‘.‘-;i"-‘ - F,=.0031m’ 1/3 Uz subsonic

' d

-1/3 2 (77)

) Fg=. 0039 m U” supersonic
f' for the drag forces (mass in engineering units and velocity in ft/sec.)
o,
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(2) The probability of penetration or damage to a specific
“target' struck by a fragment of the specified mass,
cross-sectional area, velocity, etc.

1. Fragment Characteristics - It is necessary to characterize

of fragments fr
ground surface at some range, R, from the explo
it is necessary to know the fragment mass distribution;
or projected area distribution, and the drag coefficient for the fragments.

Many of these characterizations a
equations for bomb studies. One accepte
fragment mass and area is:

M=k A

B. The Probability of Arrival of a Fragment of Specified Characteristics
Versus Range

the

fragments in various ways such that trajectory analysis will allow a maj ding

om a unit solid angle about the explosion to a unit area on the

3/2

» For a mild steel fragment of
- for instince(where A is taken as the mean projecte

where M is a fragment mass,
constant ( ref. 44).

sion center.

Specifically,
cross-sectional area

re obtained from empirically derived
d equation in bomb studies relating

(75)

A isg its cross-sectional area and k is some

""flattened'' shape k = 1.45,

d area of the fragment)

o e o o = s s
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Empirical equations such as those obtained from bomb studies should
be developad for missile explosions where the fragments are larger and have
lower initial velocities. Until such equations are developed, some good pre-
dictions can probably be made using the equations relating to subsonic velocities
for bomb fragments of relatively large mass.

2. Trajectory Analysis - A trajectory analysis may be carried out on
fragments of known characte ristics as was demonstrated in Section IV-C.
These techniques result in a range calculation but not a terminal velocity cal-
culation. Solution of the equations of motion for a fragment traveling at the
speed U along its trajectory:

B

X +BVX tgsina =0 (18)

Y +BVY tgcosa=0

where B8 is the aerodynamic coefficient with the same definition as ¢ in
Equation(65). Sections II-B, X and Y are local coordinates of the fragment
at time t measured in a coordinate system moving with the fragment, and a
is the elevation angle of the fragment relative to the trajectory in the X, Y
coordinate system) will yield the terminal velocity and range. These equations
are solved by Feinstein and Nazooka (ref. 48) using a technique in which
gravitational effects are a perturbation on the drag equations.

.o 2

X tBX =0 (79)

[ RETIS ER

For trajectories in which the fragments had an initial elevation angle less than
that required for maximum range {low register trajectory) !

X = (-io +-)Ep) cos & _ - Y sin a (80)
where
’x'o=zn (1+u)/B
X =- (g/2) t® sina (1 +u/3)/ (1 +u)
P (81)
u= BV t
(o]

Y =(g/2) tz cos O.[u (1 +u/2) -log (1 + u)] /uZ
t is the time of flight obtained from the equation

Yy=X +X sina +Y cos a =0 (82)
o P o ()

1
:
)
]
b
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and @ = a is the initial elevation arngle. Solutions for other trajectories are
obtained numerically for time interval steps t in which displacements occur.

AX = X cos a-Y sin @
(83)

X sina+Y cos @

Ay

Terminal velocity can be obtained by straightforward differentiation of Equa-
tions (78) and (79) with respect to time, t, but Feinstein omitted this step.

3. Mapping From Explosion Center to the Ground Plane - Feinstein
uses Eqs.(80) through (83) to map the number density of fragments from bombs,
n., in a mass internal i from those passing through an area element Ry cos ,
Ao A % on a hemisphere immediately surrounding the bomb, to those land-
ing in an area on the ground plane at range R, RA ¢A R. For nio density
of fragments at the elemental area at the hemisphere and n, density of frag-

ments at the elemental area at the ground plane

- o
n. = n,
1 1

chos a
o o

R ]dR/d °‘o| (84)

The trajectory equations and initial conditions on the fragments yield the value
for Rt dR/do.o. ni°, Ro’ and 0,0 are related by fragment arena data.

In a simpler view, n.° could be obtained from Eq. (77) and the explo-
sion could be assumed to have spherical symmetry. As in Feinstein's calcu-
lation, Eq. (75) would be assumed to hold. Values for Cp would be chosen
appropriate to the type of fragments expected from missile explosions and the
number of fragments in a mass interval classification as a function of range
would be calculated using Equation (64) and trajectory equations. Finally, the
probability of impact on a target of area A, of a fragment in mass internal i
may be obtained from Poisson statistical equations, and the probability of
damage for a given "target'' would be assessed on the basis of vulnerability
criteria and the flux of fragments as a function of range meeting those criteria.

Feinstein has actually solved the problem of hazards to humansg 1s a
result of several types of bomb explosiors using his technique. His results
(for the assumption that fragments of 58 ft-1b or greater of energy are hazard-
ous to humans) are given in the form of probability of injury contours. We
sugge st that this technique or a simplified version of it coupled with more com-
plete data on missile explosions could be used to produce similar results for
the missile explosion problem.
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C. Vulnerability Criteria

1. Structures - When a fragment emanating from an explosion arrives
at the "target", the degree of damage it will produce is generally a function of
its terminal velocity, mass, cross-sectional area, and the characteristics of
the target. The relationships between these quantities and some measure of
damage level for structures are empirical equations which are unrelated to the
source of the fragment. Thus equations of this type which have been exten-
sively developed tor prediction of damage from bomb tragments would be
applicable to the exploding mis sile problem.

An accepted form for vulnerabil'ty equations is:
o B
U=k &4 — (85)

where U is the fragment velocity. A is the presentation area of the frag-
ment, M is the fragment mass, and e is the thickness of the target mater-
ial. This equation of the ''de Marre type'' predicts the terminal velocity of a
fragment required to penetrate the distance e into a structure wherethe con-
stants @ , B , Y , and k are a function of the material from which the struc-
ture and fragment are made. These constants are obtained empirically for
various materisls. and example values for the constants can be seen in

Table XIX.

Some fragments from missile explosions are sufficiently large that
penetration of a structure is not likely to be the primary damage mode. For
surh fragments the kinetic energy of the fragment may be of most interest
in relating to probable structural damage. In some cases, the mass of the
fragment would be suiffi.ient to crush a structure were it to land on top of it.
Clearly the damage potential of fragments from missile explosions is related
to the types of structures which are in danger of damage and the materials
and technique s used in their construction. To classify and investigate all
such structures is beyond the scope of this report.

2. Personnel - The simplest criterion for fragment damage to per-
sonnel is the so-called ''kinetic energy criterion'' which is attribed to Cranz'
"Lehrbuch der Ballistik'. This criterion states that a fragment having 58 ft-1b
of kinetic energy is capable of producing a human casualty. This criterion
was widely used during World War 11 to predict casualty levels and was used
by Feinstein ( ref. 44) in 1972 to obtain probability of casualty contours from
the equations described in Section V-B. Like most empirical values its
justification is that it seems to give correct results more often than not.
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Other empirical vaiues for the characteristics of fragments which
will produce an incapacitating wound have been obtained from

M, Uclx = M2 U; (86)
where M is the mass of one of two fragments, i, and Ui is its velocity.
This equation attests that having determined the mass and velocity of one
fragment capable of incapacitating personnel all other fragmernts satisfying
Eq. (86) also would be potentially incapacitating. The value for a is various-
ly given as 2.5, 3.0, etc.

A "standard' assessment for fragments capable of producing casualties
which has been widely used, is the wood penetration test. In this test, pine
wood panels of thicknesses ranging from 1/2 to 1 inch are present in the range
of fragments from an explosion. Where the panels are perforated, it is
assumed a casualty would i.ave occurred, otherwise not.

At this time, it wculd seem that acceptance of an empirical "standard"
such as the kinetic energy criterion of 58 ft-1b would be ths best idea in inves-
tigating potential fragment damage to personnel as a resul. of a missile explo-
sion. Acceptance of this value would allow the use of bomb fragment data
which was based on that value. Ultimately, it would seem reasonable to try
and obtain data on the probability of injury as a function of kinetic energy
of the fragments, and extend existing bomb fragment data to the case of more
massive fragments of the type which may be encountered in missile explosions.
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VI. DISCUSSION OF RESULTS

A rajor part of the work consisted of efforts to retrieve data relevant
to the basic problem of fragmentation of liquid propellant vessels by literature
search and visits to various government and private agencies. We believe
that we were successful in assembling the majority of such data which are still
available in the literature and in the files and archives of NASA and Department
of Defense agencies, and in entering the data in the ASRDI data bank. The
primary sources of data were the Project PYRO experiments (refs. 15-17),
recent experiments conducted at NASA-Kennedy Space Center (ref. 39), and
several accident reports (refs. 24 and 38). These sources, however, yielded
only partial information with one exception. They gave either data on initial
fragment velocities together with measured blast yield, or data on final loca-
tions, masses, and shapes of fragments. The only exception was PYRO Test
#62, which gave both types of data.

The following cbservations are appropriate in order to place the results
obtained from fragment velocities measured from PYRO films into the proper
perspective.

(1) Velocities were measured for many different combinations of
tank size (and total propellant weight), tank height to diameter
ratio, propellant types and test type, that is, confined by
missile or confined by ground surface.

(2) Velocities were measured at different positions in space de-
pending on where they were first sighted. The instantaneous
velocity of the fragment immediately a‘.er sighting was deter-
mined, and an average velocity of the fragment was determined
by assuming that it traveled in a straight line from the center
of the tank to a point at which the fragment was first sighted.
No attempt was made to estimate the initial velocity of the irag-
ment at the tank wall from the velocities calculated at a later
time.

(3) Velocities determined from data obtained from a single camera
view are only approximate because the fragments often had
components of velocities directed toward or away from the
cameras which could not be detected. The necessary assump-
tion that such fragments travelled normal to the camera lens
axis introduced possible errors of +0% to -30%, i.e., velocities
were generally underestimated. Likewise the coordinates of
the fragment in terms of the radial position, height, and azimuth
angle could not be determined accurately.
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(4) For fragments which could be observed from two different
camera locations (spaced 120° apart), their true trajectory
and thus their true velocity could be obtained. Unfortunately,
fragments were difficult to identify in more thanr one camera
view and so true velocities were obtained for only a few frag-
ments.

(5) It was rot possible to relate on a one-to-one basis fragment
velocity and heading with fragment size, shape or final range.

In spite of these limitations to the fragment velocity data, we feel that
the data we obtained were veryuseful, and reasonable corrclations with pre-
dicted values of velocity have been obtained. Nevertheless, we feel that the
velocity data warrant additional study directed perhaps toward predicting the
initial fragment velocities and those we had measured. We also feel that con-
trolled experiments should be performed which would permit correlation be-
tween measured fragment velocities and the resulting missile masses.
Techniques could be employed to allow initial velocities to be correlated with
the final fragment size, weight, and position. An overhead camera located
above the event with a wide field of view should facilitate velocity measure-
nents and tracking during such a test. Tag markings would also facilitate
fr \gment identification.

The fragment initial velocities, as estimated by the calculated para-
meter U, (see Section III) for the four pooled groups (CBM-LOZ/LHZ, CBM-
LO./RP-1, CBGS-LO_/LH,, CBGS-LO,/RP-1) were fitted by log normal
disgributions. The means and standard deviations of these distributions are
given in Table VIII,

The goodness of fit test, using the "W' gtatistic (ref. 36) showed pro-
babilities from . 415 to . 99 of obtaining the calculated values of W, giving
us no cause to reject assumed distributions. Thus, the log normal distribu-
tions appear to be an adequate fit for the fragment initial velocity distributions.

PR A

~

These probability density functions can be used to represent fragment
initial velocity densities for the subject propellant combinations within the two
configurations, CBM and CBCS.

Complete details of all data sources and analyses are given in the rnain
body of the report.

In Section I, we reviewed duta pertinent to blast yield for propellant
explosions, and also presented methods for estimation of blast yield and the
free-field blast wave properties for various types of explosions and propellants.
These methods relied heavily on the extensive series of test results from
Project PYRO (refs. 15- 17), but also incorporated much of the physical
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insight apparent in the work of Farber anc co-workers (refs. 27-30). The
methods allow estimation of blast wave peak overpressure and impulse,

given propellant type, total propellant weight, type of accident, mixing time,
and distan:e from the center of the explosion. Predictions are limited, how-
ever, to the range of scaled distances of the PYRO tests. A major difference
in our prediction methods and those of reference 17 is in choice and scaling of
ignition time. We believe that the scaling for this time assumed in references
15 and 17 is not verified by the test results, and discuss this point at some

length in Appendix A, together with a dimensional analysis of ignition time
scaling.

Density functions for fragment distance R, weight W, area A, and
area/weight A/W, were estimated for each of eight events. A complete
listing of the form and estimated parameters is given in Table XIV. Goodness
of fit tests using the "W'" statistic supported the selected density functions,

in all but 3 cases out of the 32. These three cases were A/W distributions for
events 3, 4, and 5,

The form of the density functions was constant for each parameter.
That is, for all eight events, R and A/W followed normal density functions,
and W and A followed log normal distributions.
A
Distance R versus percent yield Y for events 1 through 5 shows a very
good correlation in Figure 48. A prediction equation was derived, and is:

A
R =314.74 Y°’ 2775 (63)

Confidence intervals were calculated for the means and variances for R for
each of the eight events, and are shown in Table XVIII. In addition the 95th
percentile was calculated for R for each of the first five events, and is shown
on Figure 51,

Using Equation C13 from Appendix C, dimensional analysis for fragment
trajectories, a new parameter G.'7 wae calculated:
/3

2
' =
G7 Af/Wf (73)

Plotting the geometric mean distance P. of events 1, 2, 6, 7 and 8 ver-
sus G,'7 (Figure 54 demonstrated a good correlation between these two variables),
the scaling of W by taking the 2/3 root brought the distance R into a good
linear correlation (on log-log paper) with G!, . A second prediction equation,

2/3.0.78

';1 = 9,864 (A/W™'7) (74)

results in a correlation of 0.97. Thus, within the limits of tl.* accuracy
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allowed by the fragment data available from these 5 events, the prediction
equation could be used to predict mean distance R for a fragment of given
maximum projected area A, and weight W.

Data sources and analysis are given in the body of the report. The
damage potential from fragments as a function of range, for exploding missiles,
can be as important a consideration as the damage potential due to the blast
wave. To obtain useful data such as probability of damage as a fanction of
range for various missile types and "targets' of interest, some criterion for
damage to the particular target must be accepted and the probability of arrival
at any given range of a fragment meeting that criterion must be calculated.
The former can perhaps be accepted from bomb fragment damage studies,
although fragments from liquid propellant explosions are larger and slower.
The latter must be obtained from empirical equations developed to define the
distribution of fragment characteristics at the instant the missile explosion
occurs and from suitable solutions of the trajectory equations. Using these
techniques, a ''mapping' of the fragments from missile to target and probab-
ility of damage to a specific target as a function of range may be calculated.
We suggest an expanded data base relating to distribution of fragment charac-
teristics from missile explosions. The supplementation of bomb fragment
data to cover larger and more massive fragm~nts will probably be necessary
before accurate damage probability maps can be made.
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VII. CONCLUSIONS

This report presents the resulis of an extensive study of fragmentation
effects of liquid propellant rockets or vessels which explode after accidental
mixing of the propellants. The work was entirely investigative and analytic,
and included no experiments.

Some specific conclusions are as follows:
(1) Accident reports and results of tests simulating accidental

explosions provided a significant source of data on fragmenta-
tion effects of exploding liquid propellant vessels.

(2) Data on initial fragment velocities, masses and shapes of
fragments, and ranges of fragments showed wide statistical
variations. When the data were fitted to statistical distribution
functions, however, good statistical fits were obtained for these 4
parameters or combinations of these parameters. In some
instances, the combinations of parameters were chosen by
dimensional analysis. 1

(3) Methods were developed or adopted for prediction of blast
wave properties, initial velocities of fragments, and fragment
range. These methods were compared with data and appeared

: to give reasonably good correlation.

(4) Some approximate methods for estimating damage to various
"targets' by impacting fragments are presented. These could
not, however, be correlated with data obtained during the data
retrieval part of our work because no data were available
on terminal (or impact) velocities of fragments from bursting
propellant vessels.

(5) The analyses and empirical fits to data inciuded in this report
do allow prediction of blast yield and subsequent fragmentation
patterns and velocities for the common propellant combinations
over a wide spectrum of type of accident, weight of propellant,
and time of ignition.

We believe that the work reported here constitutes the first relatively
comprehensive study of fragmentation effects from exploding liquid propellant
vessels. As noted above, predictions can be made of some of these effects
using results from this repert. But, there are limitations imposed by limita-
tions in the fragmentation data - which has, after all, been retrieved from
sources in which study of fragmentation effects was secondary or even entire-
ly incidental. There seems to be little doubt that one could better test the
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VIII, RECOMMENDATIONS

The results of this study can, we believe, form the basis for develop-
ment of relatively simple methods of assessing hazards to people and damage
to facilities from the impact of fragment from liquid propellant explosions.
But, the study does not in itself generate such methods because its primary
aim was the collection and analysis of iraginentation data from past tests and
accidznts. We have pointed out previously that none of the data collected
came from experiments designed to obtain initial or terminal fragment effects.
There is also an almost complete lack of terminal ballistics effects data or
methods for assessing hazards of the relatively large, odd-shaped, low-vel-
ocity fragments which predominate in liquid propellant explosions. The
authors therefore feel that, although simplified methods for overall estimation
of fragment hazards can be generated, some additional experimental! work
would be very desirable to validate these methods.

We recommend the following studies:

(1) sing the initial velocity prediction methods developed here,
the statistical fits to data on fragment mass and shape, and
exercising the trajectory equations of Section IV, expected
variations in impact velocities for a spectrum of fragme nts
could b computed for a number of hypothetical explosions.
These impact conditions could then be overlaid on expected
densities of human chservers or bystanders and on nearby
structures to estimate fragment hits. Using the very much
oversimplified assumption that a fragment hit on a person
is a kill, or that a fragment hit on a structure causes some
specified dollar damage, each ""gcenario'' could then be
assessed for fragment kills and property damage. In this
way, a simplified damage assessment model coald be gen-
erated, based on the work in this report. It is recommended
that this be done, but that the user be strongly cautioned that
the model could be considerably refined and improved, if
better data were available in certain areas.

(2) A careful set of small-scale experiments be designed to obtain
more accurate initial velocity data for tests simulating several
types of accidents. Vessels or nearby objects should be
carefully designed to produce fragments of known geometry
and size, and their motions followed with at least two high-
speed cameras. Such data should serve to improve the data
presented in this report, with much more "two-view'' data
yielding accurate trajectories.
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(3) As a part of the initial velocity experiments, accurate

: missile maps should be made to determine fragment impact
locations. The pre-formed fragments should be carefully f
marked so that impact locations of many of the fragments
could be correlated with initial velocities and launch angles.

ly large, slow fragments of irregular shape would be very
desirable for animals (to make estimates for humans), and
for a variety of structures. Cost might be prohibitive. Some it
analytic studies could well provide partial answers, however.

oo oy = =g e ———

The order in which the above recommendations are listed is also our
suggested order of priority. The first study is purely analytical, but yields
an approximate hazard: assessment method. The other three are primarily
experimental, and serve to generate data which should refine the method.
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’. (4) Studies of the terminal ballistics effects of impacts of relative-
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APPENDIX A

MODEL ANALYSIS FOR MIXING OF LIQUID ROCKET PROPELLANTS

In the Project PYRO studies, a basic assumption was that, for any par-
ticular type of simulated accident, the time of ignition to produce maximum
blast yield could be scaled as

T=yw'/3 (A1)

where t is scaled time, t is time of ignition delay after missile failure, and
W is total weight of propellant in the missile. It is not clear that this is the
proper scaling, and no model analysis is presented in the PYRO f{inal reports
to justify such scaling. There are instead statements that the experimental
data appear to agree with this scaling, but the inherent scatter in blast yields
makes this conclusion doubtful. We thought that a model analysis should be
conducted to ascertain, if possible, how ignition times for maximum yield
should scale.

From both the Project PYRO work and Dr. Farber's work, it seems
clear that intimate mixing of fuel and oxidizer is needed to maximize the blast
yield for a given type of accident. The time for ignition must be great enough
to allow as much mixing as possible, but not so great that all of the most
volatile liquid can have evaporated. The physics of the processes which occur
on mixing of LH, and LO,, RP-1 and LO,, and LH,/RP- 1/LO, have been
studied most exhaustively by Farber and his associates. They have, however,
considered the dynamics of impact or other accident ieading to the mixing in
only a cursory manner. To conduct a model analysis, we should be able to
list the physical parameters affecting this problem, and their dimensions,
which is the prerequisite to conduct of the analysis.

A number of the physical processes which occur are a function of the
particular propellant combinations, and conditions just prior to an accident,
rather than the details of the accident. These processes should be governed
by parameters waich will be common to all possible types of accidents, and will
thus be considered fi*st. Those propellants and oxidizers which are cryogenic
will be essentially at their boiling temperatures, while fuel such as RP-1 will
be at or near the temperature of the ambient air. Once the propellants start
to mix, violent boiling of the colder liquids will occur, while the warmer
ones will be chilled and perhaps frozen. The processes will involve conductive
heat transfer, convective heat transfer, and eventually radiative transfer to
the ambient atmosphere. Gravity is perhaps important in convective processes
and in rate of upward migration of bubbles formed during boiiing. Latent heats
of fusion and boiling are obviously important, as are temperature differences
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and gradients. Parameters affecting these processes, and their dimensions in
aM, L, T, 0 (mass, length, time, temperature) system are listed in Table 1.

To complete the list of parameters for model analyses, we must con-
gider specific types of accidents, and also add other parameters known to
affect the blast yield. Consider first the case identified by PYRO as CBM
(confinement-by-the-missile). This case is shown schematically in Figure Al.
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FIGURE Al.
SCHEMATIC OF CBM CASE :

s

A rupture is assumed to occur in the common bulkhead, idealized as a
circular opening of diameter D,. Oxidizer then spills through this opening
under the effects of gravity, and mixes with the fuel. Geometry of the tankage,
ruptured area, distance for oxidizer to fall, static head to force oxidizer
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through the opening, etc., all seem important. These can be characterized
by the tank dimensions shown, ullage volumes, initial masses of fluids,
gravity, and a generic length f indicating location within the tankage. b
(Velocities of impact of fluids are important, but these are fixed once the '
other parameters described above are determined.) The specific heat of §
combustion (or explosion) for propellants mixed in stoiciometric ratios, to- |
gether with fraction mixed at time of ignition, should determine total energy f
driving the blast wave. Adding these parameters to Table Al, we have in
Table A2 the total list of 20 parameters for this type of accident. These :
parameters will yield 20 - 4 = 16 dimensionless groups, when the methods of 5
dimensional analysis are applied. One such set is given in Table A3.

The model law in Table A3 can be used to express any one of the
dimensionless groups (1 terms) as a function of the remaining ones. Because
we are interested in time scaling, which is contained in T, we would prob-
ably express my; asa function of ™ through "m, and ﬂl through "1
The law can also%)e used to fix interrelations between scale factors for physical
quantities. In its present form, Table A3 is too general to provide much
guidance. It states that all of the dimensionless groups must be maintained
constant between model and prototype tests for accurate scaling. Let us con-
sider, however, the practical limitations of testing and the effects of these
limitations.

Two of the physical parameters in Table A2 are constants of nature for
testing on earth, and cannot be altered. Scale factors for these quantities*,
the Stefan-Boltzmann constant 0 and earth's gravity g, are therefore unity,
i.e.,

Ag =X =1 (A2)

Also, we wish to employ the same propellants under the same initial tempera-
tures and atmospheric conditions (or, at least, this is what was done in
Project PYRO). This renders a number of other scale factors unity, namely:

- = =x =
)\H. )\H A A
fi

= X = k = x - l (A3)
T N (N A A
These limitations cause several T terms to be identically satisfied, namely,
™ jand Ty, Furthermore, by making the mod:1 geometrically similar to

the prototype in all respects, a number of other T terms will be satisfied.

* A scale factor A is defined as the ratio of a quantity in the model to the
corresponding quantity in the prototype.

)
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TABLE Al - PARAMETERS AFFECTING HE AT TRANSFER OF

MIXING LIQUID PROPELLANTS

Parameter Symbol Dimensions
Ambient Air Temperature Oa 0
Initial Temps. of Liquids” 0, 0
Temp. in Mixture ) e

m
Heats of Fusion* Hﬁ LZT-Z
er. % 2.2
Boil
Heats of Boiling Hbi LT
Masses " M. M
i
L. % -3 -1
Thermal Conductivities Ki MLT (0]
. . . . 2 -1
Kinematic Viscnsities Vi LT
. TG -1 -2 ,-1
Volumetric Heat Capacities (pcp)i ML ~ T 0
Time t T
. -2
Gravity g LT
-2 -1
Convective Heat Transfer h MT 0
Coefficient
3 -4
Stefan-Boltzmann Constant o} MT 0O

% Subscript i denotes a number of similar properties.
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TABLE A2 - PARAMETERS FOR PROPELLANT MIXING FOR

CBM ACCICENT

Parameter Symb ol Dimensions
Ambient Air Temperature Oa 9
Initial Temps. of Liquids 0.1 0
Temp. in Mixture 0 0

m
. 2,.-2
Heats of Fusion Hﬁ LT
Heats of Boilin LZ'I‘-2
8 Hoi
. 2,..-2
Heat of Explosion He LT
Masses M. M
i
- 1
Thermal Conductivities Ki MLT 3 ("
. . . . 2..-1
Kinematic Viscosities v, LT
1
-1 -2 -1
Volumetric Heat Capacities (Ocp)i ML T 2 0
Time t T
. -2
Gravity g LT
. -3 -1
Convective Heat Transfer h MT ~ @
Coefficiency
-3 -4
Stefan-Boltzmann Constant o} MT - 0
Tank Diameter D L
Tank Length L L
Opening Diameter Do L
Generic Length 4 L
Ullage Volumes vui L3
Total Mass of Propellant Mt M
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TABLE A3 - DIMENSIONLESS GROUPS FOR PROPELLANT
MIXING FOR CBM ACCIDENT

Term No. Group Description
m 0./0
1 i a .
Temperature Ratios
m o_/e
2 m a
m
3 H, /gl
- .
4 Hbi/gL Ene1gy Ratios
m
5 He/gL
Te D/L
., DO/L Length Ratios
rrg /L
.3
LLPN v ./L Volume Ratios
9 ui
o Mi/Mt Mass Ratios
1 1
"1 tg /Z/L /2 Scaled Tim
T {oc ). v./K. Prandtl No.
Z pi i1
it hL/K, Nusselit No.
13 i
1
14 \)i/L3/Z g /2 Pseudo Reynolds No.
3 3 2 . —
15 O'Qa g /K.1 L Ratio of Radiation to
1/ Conduction
m K. LY%20 /M, g Ratio of Conduction to
16 i a t .
Inertia
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These are TT6, w_, m,, T, and “10. Employing these restrictions, the re-
maining T terms require the following interrelations between scale factors.

M — A =
2 (4] L
m
— =A
Myr Ty T =1=%
—_— ) = A 1/2
11 t L

m — A A =1
13 L

™ — ) 3/2 _

14 L =1
1T —.)\ 2 =1
15
1/2 3 .
—_— =\ (A4
T L L

A quick examination will show that these interrelations can only be satisfied if
all scale factors, including the length scale factor X, are unity. That is,
no sub-scale model is possible which correctly scales all of the phenomena
which were initially assumed to be important! This impasse is not unusual

in attempting to mode! complex phenomena. One must now consider those

effects which will hopefully be of minor importance, and let them deliberately
go out of scale.

For the problem we are considering, radiation heat transfer to the
outside atmosphere can perhaps be safely neglected, because the mixture is
confincd within the tank up to the time of interest. So, let us ignore term
M - For the mixing fluids, conducticn and convection are probably the
primary modes of heat transfer, so we wish to retain ™4, Nusselt No., be-
cause this term is a ratio of these two effects. Inertia effects are undoubtedly
important and should be retained. Gravity is triply important because it
affects mixing impact conditions, convection, and bubble migration. Whether
viscosity is important is not certain. We will assume that it is not, and ignore
Tig - Heatc of fusion, boiling and explosion appear to be important, so we
should retain T,, “4 and "5. This reduced form of the law can be written:
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1/2\ \
t 0 H,
—L—,= fl (-—T-) , (—;) , geom. similarity, (-IL:—L—-) )
i

(A5)
Mt g

But, we still have problems! The second term in the bracket in Eq. (A5) re-
quires that )\L = 1, which negates sub-scale testing. If we relax this require-
mert, the last term in the bracket makes

v 12 o (46)

L Mt

But, >‘M = )\L3 if identical materials are used, and (A6) is only satisfied if
)‘L =1 , "To obtain any model law which coes allow small- scale testing, we
must throw out all effects except inertia, neat conduction, and heat convection.
This very much reduced law is

1
t_g_7/f_ =f geoni, similarity _S_rp_ hL (A7)
l ?. 2 * ' o ' k. Y
L a i

It says that, if geometric similarity is maintained, a model will have similar
temperature distributions during the mixing process at gsimilar locations and
similar scaled times, provided the film coefficient h scales inversely as the
length scale factor. Recalling that A =1and )‘L = M 1/3, the dimension-
less time parameter (t gl 2/ Ll/z) requires that time scales as

/6

T= (t/Mtl ) (A8)

where t is not dimensionless, but uniquely determines the dimensionless time
parameter mentioned before.

This conclusion regarding time scaling is, of course, dependent on the
series of assumnptions used to r -3 .zt the basic r.lel law. One critical
assuription was that gravity effects were important and must not be allowed
to go out of scale. Although the physics of the mixing process seem to be
strongly dependent cn gravity, let us exarnine the consequences of letting
gravity go out of scale. We will make the same assumptions as before regard-
ing use of the same fluids at the same initial temperatures, and aasume geome-
tric similarity. Let us also modify the 7 terms somewhat by combining and
substitution. We can, for example, square ™y} and multiply it by "3 through
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T_ to give new terms which can be substituted. In a similar manner, g can be
e?iminated from all terms but "ll' The resulting modified terms are:

' 2,, 2
w3 Hﬁt /L

' 2,.2
M, SH,;t/L

v 2,,2
n5 =Hg t /L

5 (A9)

\ m v

| . 14 ; t/L

H 7 ] co 6
A 15 a L/ki t

!
3
m =
16 ki Oat /MtL

- These terms dictate the following interrelations between scale factors

)

(A10)

'y 3
m -\ = A A
16 t M L

)
As before, only the assumption that all scale factors are unity will satisfy all
of these terms. But, heats of fusion, boiling and explosion will be properly
scaled by choosing A = A . So, by letting gravity, viscosity, radiation, and
ratio of conduction to inerfia go out of rcale, we can generate another :estrict-
ed scaling law.

i’:‘" (H, /L% =1, | geom. similarity, (4,/0,), (]l:‘i) (Al1)
“:“ - Time scaling related to total mass of propellants scales in this law as
’ =M, ) (A12)
# A This can be seen to be the scaling for time to produce maximum yield which
2y . was assumed in Project PYRO.
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Which time scaling is correct, Eq. (A8) or Eq. (A12)? If all phenomena
are to be properly scaled, neither is strictly correct. If gravity effects are
truly important, Eq. (A8) is more nearly correct. If scaling of heats of fusion,
boiling, etc. is more important than scaling gravity effects, then Eq. (Al2)
is more nearly correct. To test either hypothesis, sufficient test data must
exist to fit data scaled in either manner over a relatively large range of total
propellant weights for any given combination of fu2l ind oxidizer. Even then,
it may be difficult to determine which scaling law .o use because the propellant
mass is raised to a small fractional power (1/3 or 1/6) in either case, and the
dependence of the scaled time on propellant mass is therefore quite weak.

We reviewed the PYRO test results to ascertain whether those data sub-
stantiated correlation of a specific law for scaling of ignition time with blast

The PYRO tests indicated that, for hypergolic propellants, ignition
time is unimportant because ignition occurs immediately on contact of the
fuel and oxidizer. Blast yield did depend on impact velocity for high velocity
impact tests of hypergolics.

For non-hypergolic propellants, one would expect the blast yield to be
a function of type of simulated accident, type of propellant, impact velocity,
etc., in addition to time of ignition. Blast yield is expre ssed in the PYRO
reports as a percent of an equivalent weight of TNT, based on the measured
terminal yield from each experiment. This procedure essentially normalizes
the results for all tests with respect to mass of propellant so that data on
yields versus ignition times or scaled ignition times can be easily compared.
We will make such comparisons for the propellant combinations LOZIRP-I
and LOZ/LHZ’ and for the CBM and CBGS type of test.

In Figure A2, we see blast yields ¥ plotted as a function of ignition
time t for all LO ,/RP-1CBM tests™. Different symbols are used fo~ differ-
ent masses of propellant. It is immediately evident that the data scatter is
large, but the data do indicate an increase in yield up to 150-200 msec, and
then a substantial decrease for longer ignition times. The data are plotted as
a function of time, rather than time scaled by division by either Mtl/3 or

Mtl 6, Replotting the data with time scaled in either of these manners

% For physical ro~>sons, finite blast yield at zero ignition time is paradoxical.
If propellants are not given time to mix, no explosion should be possible.
Data points for zero ignition time probably represent a small, but non-zero,
igrnition time.
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produces no less data scatter than is already present. Figure A3 shows a
similar plot for LO_/LH, CBM tests. Again, the scatter is considerable,
but a trend to increasing yield with increasing time is evident, with no appar-
ent decrease at long tirnes. One isolated data point with a high yield may
indicate peaking at near 200 msec, but this is inconclusive. Again, replotting
on scaled time based doesn't improve the scatter.

Data for all LO,/RP-1CBGS tests are plotted in Figure A4. Itis evi-
dent that impact velocity for this propellant and type of test does have a sig-
nificant effect on blast yield, and that yield increases for a maximum and
then decreases. The same trends are evident in the data for LOZILH?_ CBGS
tests plotted in Figure A5. Some type of normalization of yield versus impact
velocity would undoubtedly reduce the scatter evident in these two figures, but
the spreau would still be great. As for the CBM tests, there is no evidence
that scaling igrition time would decrease the data scatter.

We draw different conclusions from this study of the PYRO blast data
than do the authors of that study. They concluded that, for all but the LO?/
RP-1 CBM tests, explosive yields scaled as a function t = (t/M 173y, we”
conclude, on the other hand, that the data do nat verify any particular scaling
for ignition time. The blast yield ;s certainly a function of ignition time and
that function can perhaps be estimated from ‘he PYRO data for specific pro-
pellants and types of test. Direct lots of yi'eld versus ignition time appear to

be as valid as plots versus (t/Mitl , (t/M,* 6), or perhaps any other scaling
involving a small fractional power of M;.
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APPENDIX C

MODEL ANALYSES FOR FRAGMENT VELOCITIES, RANGE, ETC.,
FOR BURSTING LIQUID PROPELLANT VESSELS

In an attempt to facilitate comparisons of the data which have been un-
earthed during this study, let us conduct saveral limited model analyses re-
lating to various aspects of the problem, To avoid too complex model laws,
we will divide the problerns into ssveral subproblems.

Initial Velocities for CBM Case

Consider first the bursting and acceleration of vessel fragments by an
internal explosion (CBM case). A list of physical parameters appropriate to
this case and part of the problem are given in Table C1, '#ith dimensions in a
Force-Length-Time (FLT) system. The twenty-one parameters in Table Cl
can be combined into eighteen dimensionless groups (Pi te rms) by the methods
of dimensional analysis. One such grouping is given in Table C2. based on
mass of propellant, heat of explosion «f propellant, and a characteristic length
as repeating variables, Table C2 includes descriptions of the pi terms.

The dependent variables in Table C2 are essentially my,. T 400 "y and
"7 Terms ngg Wrough T are mass or density ratios, and terms n, through
"1 require gt’etric similavity, Term m;, dictates scaling of energy re-
lease, and is eduivalent to fractional blast yield y. Term g can be consid-
ered as 8 ratio of vensel burst gressure p, to the pressure which would be
generated by contained reaction of all of the mass of propellant. Finally, mg
requirecs identical equation of state for the reactinn productions of the explod-
ing propellant,

The mo-lel law in Table C2 cun be expressed in functional form as

I/Z) 1

e

3 1/2,.
[(uf/n (pt. /M‘He) ' (t!le”/L)- n

2 [ Density ratios, Geom, s'm., (E/Mtlle\.

(pvl}/M‘H), n.l (1)

If we confine nur comparisons to tests with geometrically aimilar tanks made
of the same materials and filled with the same propellant mixtures. then the
density ratio terms and terms describing geometric similarity will all he the
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TABLE Cl - PHYSICAL PARAMETERS FOR VESSEL BURST
BY INTERNAL EXPLOSION

Symbol Dimensions Parameter
M, FTZL'l Total mass of vessel
M, l"‘!‘zl..-l Total mass of propellant
M, FTZL'l Reactive mass of propellant
E FL Energy release during ex-
plosion (blast yield)
He LZT-Z Heat of exgiosion of pro-
pellant mixture
D L Tank diameter
L L Tank length
Do L Diametar of internal bulk-
head rupture area
h, L Thickness of vessel material
Op FTzL" Density of propellant
e, F‘TZL.4 Density of vessel material
n .- Number of fragmenta
M‘ F‘Tzl.' i Mase of individual fragments
7
A, L Mean presented area of indi-
vidual fragmente
-
y, LT Velocity of individual frag-
ment
b
v, L Internal volume of tank
3
Vu L. Ullage volume nf tank
w .- Ratio of spec.iic heats "+
enplosinn producte
-2
P FL Pressure within tank during
exploeion
t T Time
-2
P, Fi, Buret pressure of veseel
v orumpe wad
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TABLE C2 - DIMENSIONLESS GROUPS FOR VESSEL BURST
BY INTERNAL EXPLOSION

Number Term Description
A
" Mv/Mt
. ", Mr/Mt
% ™ Mt‘/Mt S Mass or density ratios
; L3 /M
\ "4 o t
‘ 3
Mg o, L /Mt ‘
"o D/L }
Mg DO/L
n h /L
8 v . .
L Geometr.c similarity
r A /Lz
9 f
3
"o Vu/L
n \'A /L3
11 v )
; ' {
U E./Mt H. Energy scaling
n v /u! 'z Velocity scaling
13
ul P 1.3/M H
4 t e
3 Pressure scaling
"1s BN
" tH”zrﬂ Time scaling
16 e .
"q n Number of fragments
™8 L) Ratio of specific heats
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same independent of scale, )\i = )‘Mt' and ¥ will not change. * Also, the burst
pressures p, for geometrically similar vessels of the same material are iden-
tical (\py = 1). Because we are using the same propellant, kHe = 1. Under
these restricted conditions, Equation Cl reduces to™**

[Uf, P, (t/L), n] = £(y) (C2)

In other words, Equation (C2) says that initial fragment velocity, pressure rise
within tank prior to rupture, time scaled proportional to length, and number of
fragments gererated should all be functions of fractional yield.

Many other intorpretations can be made of this law. If we do not make
the simplifying assumptions above, then we may be able to compare s .me test

results for different propellants. Terms "2 and T4 can be combined to form:

2
' -
P UfMt/E (C3)

which :an replace n, _ in Equation (Cl).

12

This term defines an equivalent dimensional group

] 2
= W 4

where W, is total weight of propellant and Y is blast yield in percent. We
have recorded moust of our fragmentation data in terms of these quantities, and
so can plot G‘lz , or its square root, versus Y (equivalent to m, ) or against
15 provided we use a consistent set of units. It is quite likely that x is only
weakly dependent on type of propellant, no perhaps we can ignore it, The
model law does point out that (0'/L) and (D/D,) are ptentially important geo-
metric ratics, and thac mean fragment area may scale as the square of the
length scale,

Initial Velocities for CEGS and HVI Cases

In this case, the propellants spill, mix on the ground, and then ignite
or the missile itnpacts the ground at high velocity. Solid nbjects and nearby

*The symbol A denotus a scale factor, and a subscript letter denotesa the
physical parameter being acaled.

*#Nole that these products are not now nondimensional, because we have
deleted dimensional terms which do not change.
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appurtenances are then accelerated by the resultant blast wave to some maxi-
mum velocity (''initial" velocity). The pertinent physical parameters are some -
what different than for the CBM case. Geometry of the vessel is no longer im-
portant, but gravity and impact velocity must ba considered. A list is given in
Table C3. Again using as repeating variables M;, H, and L, we obtain a group

of fifteen pi terms from the eighteen physical parameters. These are given in
Table C4.

Many of the terms in Table C4 can be seen to be identical to those in
Table C2. These include the mass ratios 7 through n,, area ratio Mg, volume
ratio m., scaling for fragment velocity ng, energy scaling 7, pressure scal-
ing m),, time scaling m),, and number of {fragments ;5. The terms which are
new are Mg, M, Mg, ), and USEY and some terms in Table C2 do not appear.
This model law can be expressed as:

1/2 3 3 1/2 2
[(Uﬂ/H. ), (pL /M. H), QL /MH), (tH 77/, (AL /LT, n]

1/2
= f[Donﬂty ratios, Geom. sim., (E/MtH.). CD&’ (Ui/Ho/ ),

GL/H) ] (C5)

The term m, ., if strictly adhered to during teste of the same propellant, would
prevent comparison of tests conducted at different geometric scales, because
k“ = 1, )‘H, = 1, and therefnre )\L =],

-

1f we deliberately let this term go out of scale, which is equivalent to
ignoring gravity effects, then almoset the same mndel law as for the CBM case
results, with tho addition of u requirement of scaling of impact velocity from
g If we assume that we cannot ignore effect of gravity oa such physical pro-
cesses as spreading and intermingling of the fusl and oxidiser after spill, ini-
tial trajectory of fragments, etc., then Equation (C3) requires a change in heat
of explosion Hq in order to change length scale. It is suggested that we simply
try plotting fragment velocities from CBGS data versus blast yield for the same
propellant. We know from the PYRO work that blaet yield is a function of im-
pact velouity Vi, so term ng may oe already accommodated by measuring
blast yield. An alternative might be to plot the term

. = oD,

ﬂ(; ® V“/m (C6)

varsue blast yield for the sama prupel'ant, Correlation here would indicat» .
that gravity effects were indeed impor.ant, ‘
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TABLE C3 - PHYSICAL PARAMETERS FOR FRAGMENT ACCELERATION '
AFTER SPILL AND EXPLOSION ﬁ

e T P =

Symbo! Dimensions Para:meter
MV I-"TZL-l Total mass of vessel
M, Fréy"! Total mass of propellant
4 -
Mr FT L ! Reactive mass of propellant
l.lﬁ F'I'ZL.-l Mass of the solid body or
appurtenance

E FL Energy release during explosion
He LZT-Z Heat of explosion of propellant
Vp L3 Volume of propellant
U‘ L'I‘-l Impact velocity
g LT‘2 Acceleration of gravity
l,i .--- Length ratios
L L Characteristic length
n .-~ Number of fragments

2 th
A“ I Mean presented area of i solid

body or appurtenance

Uﬂ LT-l Velocity of same
Cm --- Drag coefficient of same
P FL-z Overpressure in blast wave
q F‘L-z Dynamic pressure in blast wave
t T Time
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;v *
> TABLE C4 - DIMENSIONLESS GROUPS FOR FRAGMENT
‘ ACCELERATION AFTER SPILL
1.
Number Term Description
A M /M, )
' m, : /Mt ; Mass ratios
|
| *
; "3 Mg /M, ] ,
p 2 1
uA Aﬁ/L
& Geometry
"5 of
L
"o CDl Drag coefficient
n v /L3 Volume ratio
7 v
UM Vi/H”z
Velocity scaling
1/2
9 Uy /H
"0 EZ/Mt H‘ Energy scaling
™ gL /He Gravity scaling |
!
ad pLS/M H |
- 12 t e
i 3 Pressure s-aling !
U qL /Mt H, '
1/2
"4 tH_ /L Time scaling
i n Number of fragments
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Trajectories of Fragments in Free Flight

After the fragments have been accelerated to their maximum velocities,
then the problem is one of exterior ballistics for each fragment. Most of the
parameters governing the resulting trajectories differ from those in the previ-
ous problems. They are listed in Table C5, and a possible set of pi terms is
given in Table C6.

The first four pi terms in Table Cb6 are initial conditions, g and T
are aerodynamic coefficients, and ng4 through mgq specify geometric similarity.
Term g can also be considered as the dependent variable. Term 1y, specifies
gravity scaling, which is essential in trajectory problems and cannot be ignored.
Terms 7, and )3 are wind velocity and air density scaling, respectively. The
model law can be written as:

, 2
(Rf/L) = f[(Uft/L). (wft), 8. Yo c,Df, ch, (Af/L ), (xif/L), L,
2 g 3 Y ']
(gt /L), (th/L). (o L /Mg | (C7)

From our phy:ical knowledge of exterior ballistics and the problem of frag-
ment scatter, we can considerably reduce this function space. Range may be
depindent on azimuth angle ¥ and scaled wind velocity (Ug,t/L), but this depen-
dent is weak for high velocity and ''chunky'' fragments. Furthermore, our data
from missile maps average ranges over all azimuths, so this dependence is
not considered. The "lifting' characteristics of the fragments are represented
by C,. and by initial spin ‘”ft. Again, these characteristics represent random
and uncontrolled quantities which we cannot asseas, so we again ignore them.
A reduced form for Equation (C7) is then

| 2 2
(RI/I,) = f[(Uft/L), 8. ch, (Af/L ), (x.“,/L). L. Gt /LY,

3
(o, L /Mf)] (C8)

Of these remaining parameters, the first two . nd the fifth are scaled initial
conditions. The d.ag coefficient is a functior. \Af/Lz) and ”i and is there-
fore superflnous, So, for iragments of similar rjeometry and s:.me scaled
initial conditions, the law tfurther 1educes to

' 2 3,
(Rf/') = f[ (Uft/L). (gt°/L), (oaL /Ml)]‘ (C9)

g T T v R A "W
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TABLE C5 - PHYSICAL PARAMETERS FOR
FRAGMENT TRAJECTORIES

Symbol Dimensions Parameter
-1
Uf LT Initial linear velocity
-1 s .
‘”f T Initial angular velocity
CDf --- Dray coefficient
CL --- Lift coefficient
f
2
Ay L Mear. presented area
2 -1
Mf FTL Mass of fragment
Gf --- Initial elevation angle
‘*'f --- Initial azimuth angle
X, L Initial coordinates of
fragment
Rf L Range of fragment
-2 ) '
g LT Acceleration of gravity
2 -4
P FT L Density of air
li --- Length ratios
S | . .
Uw LT Wind velocity
t T Time
L L A characteristic length




TABLE C6 - DIMENSIONLESS GROUPS FOKR
FRAGMENT TRAJECTORIES

Number Term Description
U Uft/L l
w
ft
& Initial Conditions
ef
Y
f
L
CDf
Aerodynamic Coefficients
C
L
f s
A /L W
{
xif/L
Geometric Similarity
R,/L
f
L
1
J
2 . .
gt /L Gravity Scaling
U, t/L Velocity Scaling
3 . .
paL /M£ Density Scaling




requires that

Now, because A =1,
g 11

)\2 = \ (€10}

The first term in Equation (C9) then reqaires that

. 1/2 _
AUf)\L = )‘L'

or

)\1/2

)\Uf = A (Cl1)

i.e., initial velocities should scale as the squarz root of the length scale for
the same scaled range. The third term is automatically sat'sfied because
)‘pa =1 and M =7\Mf.

We can combine n7 and n13 to form

P 2/3 2/3 :
US Af pa /Mf (C12)
Because )\pa =1, a dimensional form of this term is
o 2/3
G7 = Af/Wf (C13)

where Wf is weight of ‘ragment,

This may provide a rational grouping for plotting versus scaled range.

~ - rg————




APPENDIX D

COMPUTER PROGRAM ENTITLED /W2/ IN FORTRAN IV

Function: This program computes initial fragment velocity.

Given the following input data:

A)

B)

C)

Characteristics of some explosive fuel-oxidizer gas mixture at moment
t = 0 of detonation.

(CAPI]) Ratio of specific heats, *
(AQ) Speed of sound in medium in in./sec
(PQ) Initial pressure in psi

Characteristics of containing vessel

(RR) Internal radius of vessel + unburned fuel in inches
(TM) Mass of vessel + unburned fuel in lb/seczlin.
(FN) No. of fragments

Calculatory requirements
(AH) Time interval of each calculation in seconds

(XM AX) Maximum time to last calculation in seconds

Variables: The definition and units of the vari les in this program are yive’
in the following table.

TABLE (D-1)

Program
Variable Variable Definition _Units
FF F projected fragment area ia. 2
CAPI " specific heat ratio for explosive
mixture none
AO a, speed of sound in explosive pruducts in/sec
mixture
186
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Program

Variable Variable Definition

PO Poo initial pressure after explosion

FN n number of {ragments

RR R radius of explosive products mixture
™ Mt 1nass of shell ¥ unexploded fucl

FK coefficient

AH time interval

XMAX maximum time

FN1 if < 1displays T-NORM G, G', ;"
FN2 if f_ 1 displays normal pressure + time
FN3 if '_‘: 1 calculates maximum range
Gl uf distance to initial velocity

G2 initial fragment velocity

G3 initial fragment acceleration

G4 final explosive product mixture pressure
Tl time to initial velocity

JJ counting variables

PI the constant T

CAP2 the quantity (1- %)/ %

CAP3 the quantity -1/ %

CAP4 the quantity (3%-1)/2%

XX

displacement normalization coefficient
(see Eq. -35)

Units _

psi
none
in.
Ib-in%/sec
none
sec
sec
none
noae
none
in.
ft/ sec
in/sec
psi
sec
none
none
none
none

none

in.
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Program

Variable

THETA

Al
Bl

co

Y(2)
Y(3)
Y(1)

NA

F(1), F(2),

F(3)
TT

PS

The subprogram entitled

188

Variable Definition
time normalization coefficient
(see Eq. -35)
& the coefficient a (Eq. - 36)
B the coefficient P(Eq. -26)

normalized initial fragment displace-
ment from center of sphere

normalized time

normalized velocity

normalized pressure

normalized fragment displacement

number of differential equations to
be solved

differential equations solved (see
Eqs. -34and -36

normalized time

normalized presgsure

(RUNGE) is described in the following:

Units

secC

none

none

none

none

none

none

none

none

none

none

»
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FILE NAME:

SUBROUTINE NAME:

PURPOSE:

METHOD:

ARGUMLNTS:

FORTRAN 1V

RUNGE - KUTTA

F18
RUNGE

This subroutine employs the Fourth Order Runge Kutta Method
to solve N simultaneous first-order ordinary differential equa-
tions by calculating successive values of Y according to the
formula:

h
th ’ Y‘+ 8 (Kx + 2!(2 + 2K3 + K‘)

where Kl = f(xi. Y‘)

. h hK}
Ky=tlx +5 ¥4 3 )

. h hK2
Ky fx + 9 ¥+ =)

K,* f(:ui +h oy + hK3)

The subroutine is called by the calling program five times in
order to approximate successive Y{1)'s; the first time to initialize,
the second time to calculate Ky(1), the third time to calculate
Kp'l), the fourth time to calculate Kq(I* and the fifth time to cal-
culate K.‘(I). In addition, each time the subroutine is called, it
calculates a new Y(I) and a new X(i) which are returned to the
calling program where the functions (first-order differential
equations) are evaluated with the new X(I) and Y(I). These values
of the function are then returned to the gubroutine where they are
used as K;(1), Ka(), K3ll), or Kg4ll) and appropriately accumu-

lated to obtain Y.“l(l) in the 5 calls to the subroutine,

The subroutine [.UNGE uses nine arguments: i, 7, F, X, H, M,
SAVEY, PHI, K

1. The first argument, N, represents the number of simulta-
neous firat-order ordina:y differential equations to be solved.

2. The second argument, Y, is the array name which the calling
program uses to trangmit the initial Y(I) values for each
differential equation, Upon completion of the 5 calls to
RUNGE, Y(1) will contain the new approximated values for
the Y“l(l)'l.




-~

LIMITATIONS
AND
COMMENTS:
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Tke third argument, F, is the array which contains the cur-
rent values of the differential equations calclated by the
main program, i.e., F(J) contains the value of the Jth firgt-
order differential equation,

The fourth argument, X, represents the independent variable
which should be initialized in the main program before calling
RUNGE. RUNGE increments X by the stepsize H.

The fifth argument, H, represents the step size for X.

The sixth argument, M, indicates which of the five passes
of the subroutine is to be executed. The main program must
initialize this argument as 1. RUNGE then successively
increments the variable by 1 up to 3.

The seventh argument, SAVEY, is used within RUNGE and
st be dimension2d in the calling program to be of g:ze N.

The eighth argument, PHI, is also used internally by RUNGE,
but must be dimensioned in the calling program to be of size
N‘

The ninth argument, K, is manipulated within RUNGE. K
should be tested right after the cail to RUNGE, in the calling
program,

When K=1, control should transfer to a set of code in the
zalling program which calculates new values for the first-
order differential equations, F{l), with the current values
of X and Y(I). Then RUNGL should be called again.

When K=2, the approximation for Y(I) is completed, Values
for the Y, (1)'s are =tored in Y(I) at this time, and normal
flow of the calling program should resume,

The calling program must dimension SAVEY and PHI.
The caliing program muat set M=1 before calling RUNGE.

The calling program must set up the N first-order differen-
tizl equation values in arn Array F to be passed through te
RUNGE whe:> the subroutine rewrns with Kr1,

The calling program must set up separate arrays if all X and
Y values for the set of di{ferential equations are to be saved,
perhaps for plotting purposes.

o £
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PROGRAM /W2/ LISTING

DIMENSION F(?),Y(J),Wl(3).V1(3);PS(50),TT(SO)

300 FARMAT (?/,20H READ IN- TRAJ. ANGLE)

3901 FBRMAT (E10.3)

301 F@RMAT (2/.,35H READ IN DRAG C@EF. AND AIR DENSITY)

3011 FARMAT (2E10.3)

302 FORMAT (2/,23H READ IN FRAGMENT MASS CAEF.)

303 FORMAT (4/,25H CONDITIOANS 2N TRAJECTARY)

304 FORMAT (/,21H AMBIENT AIR DENSITY-,E1D0.3,17H LBS./CUBIC FT.)
305 FARMAT (/,16H AIR DRAG COEF.=,E10.3)

306 FOARMAT (rs214d FRAGMFNT MASS CAEF.=,F10.3)

307 FARMAT (/,16H TRAJECTARY ANGLE=,E10.3,801 NDEGREES)

3071 FAMAT (3/,9H CHECK C=,E10.3)

308 FORMAT (3/,15H MAX UM RAMGE=,E10.3, 4l FT.)

309 F23R1..T (2/7,45H READ IN <APPA, SAUND SPEEZU, INITIAL PRESSURE)
310 FOAR AT (3E10.5)

311 FARYNT (?/,78H REAL IN dY. AF FANGMENTS, RADIUS @F EXPL.,
MASS 3F iYLL-FUZI., DISCHARGY JTAEF )

312 FARMA T (4E10.3)

313 FORMA™ (7, 36Hd READ IN TIMF INTEZERYGL, MalIMUM TIME)

314 FIRIAT (PE1N.3)

315 FIRMAT (37, :OH GAS CHFRACTFJISTICS;/:7A (APPA=,E10.3,

{¢H SAUND SDEEI)”1Elq-S)7H 1M/75%5C, 7,104 12 1 5SURE ,EIG.G.AH PSI,
27,234 VES:uL G AACT-RISTICS. /7, il RADIUS=,E10.,3,5H IMS..,

HBH MAS5=,.10.3,17d ﬂds--SﬁU.i«-/lN;/,lﬁH .. 3F FRAGMEQTS=:LIOo3;Z/)
316 FARMAT (2/,33a DISPLAY DYl il Jine? Y S=1 Wi=g)

317 FARMAT (2/,3H LIGPLAY CJARM. P2A535.7? e = N23=2)

318 FARMaAT (2/,33.0 1KY [0S CALCULATION? Yis=l N@=2)

319 FARMAT (37,1 U #IaL JaLUsS, /7. 5H T1de 2,103,540 SEC, /.

)

10H DISTANC==,rnl0.3,4i 115,7,104d VELACITY=,£10.3, 71 FT/5EC,/,

14aH ACCELY 71+ .=.210.3, 100 I 1/5u-3EC, /7,104 PRESSU £2, 1Jesy

4.1 PSI)

520 FARIAT (12 . CaaRACTHRISTICS HF @7 1A a7 FRAG THTS (1TALTLED
Y28 DH Te iV, s, I3, 100,283, T4, 113", /)

321 Fi AT (7,001 PRESSIIRL CIARIALL SEND, 2,40, T TaN A L, L
C‘HP'N‘,IJ/) ’

392 F@HUMAT (1ol INITIAL CRADITIMNIS, /7,54 K(D)=,51)ea,7i  5(0)=,:10.4,8H
v(Nya,El0ea, 2d P IRA=, L0 4,27)

JJ=0

WRITE (1,30 0)

READ (), 319) APl , g, 20

"MITE ¢1,311)

WAD (0,312) FN,RR, TM,FK

YRITE (1,313

READ (), 314) AH, XMAX

YRITE ¢1,316)

EAD (0,3001) FHl

YAITE (1,317

READ (0,3001) FN¢

WRITE (1,318)

RE.AD ¢0,3001) FN3

'JRITE (l:315) cAPllA'(‘) - I -“‘lT.’quN

Ple 3,14!5926%35
FF’Q.O#PI*(RN‘#Z.OO)‘((I/FN)-(I/FN‘#&»O))
XX-TH&(Aﬂ*te.O)t(2.0/(CAPl-l))/(FF‘PM)
TNETAtTHtAS-((R.OICCAPl-I.0))—-0.5)/(FFoP4)
CnP2e (1.0G-CAP1)/CAPI .
CAP3-- | .OII\PQ




-

"CAP4= (3.0%CAPI=(1.u))/(2.0%CAP1)

Al=3.OJtFK*CAPlt((2.0/(CAPlfl.)))tﬁ((CHﬂl¢l.0)/(2.0#(CHPI-I.0))))*((2.9/
CAPl-1.0))*20.5)
Bl=(<RR)u*2.0)#((2.0/(CA?l-l.0))tu-2.0)t((FFtPﬂ)t#Z.O)/((TMtuZ.O)w(AJt#a
0))

CI=RR/X¥ _

:{.=000

Y(il)=Ca

Y(2)=0.90

Y¢3)=1.0

WAITE (1,322) X,Y(1),YC2),Y(3)

HA=d

Feld)=Y(2)
F(2)=FNtY(3)t(<l.00-(Y(Z)#x?.O)t(Y(3)I*CA92))*::AP3I
F(3)=((Y(l)*t-J,O)A(Y(3)-#CAPQ)t(AltBl-Alt(Y(l)*#2.0)))—3.0#CAPlt(Y(Z)¥Y
37YC1))

IF (FNi-1.0) 200,200,30

200 wWRITE (1,320)

30 C\LL ‘UNGE (NA;L(;Y‘F::\E{..I(An"'l;':la)

IT (XA-1) 40,50,40

S0 F(1)Y)=Y(2)

F(2)=F W*Y(J)*((l.00-(Y(&)t*Z.O)t(Y(3)*#CAP2))ttCAPB)
F(3)= ((Y(l)t:-3.0)t(Y(3>auCAPA)t(Al*Bl-al«(Y(l):*2.0)))-J.O:CApl-(Y(c)t
(3)7YCL M)

53 To 30

40 IF (FN1-1.0)48,45,20!

45 WRITE (1,312) X,YC1).Y(2),F(2)

201 CAONTINMUE

JdaJd+l

TT(JJ)I)=X

P5(JJ)I=Y(3)

IF (X=-XMAX) 41,10,10

%l CANTINUE

G3 T@ 30

10 CONTINUE

IF (FN2~-1.0) 202,202,203

202 WRITS (1,321)

WRITE (1,3011) (TTC(1),PS5¢1),1=1,JJd)

203 COANTI'JUE

T1=THET 1%l

GlaXXxY(l)-XX=C0O

23 XA/THETA%(Y (2))

n2sG2/12.7)

G3s (XX/(TAETA) *%2.0)*F(2)

G4sPAxY(3)

YRITE ¢1,319>T1,081,G2,G3,G4

IF (FN3-1.0) 204,204,205

204 CANTINUE

205 CUNTINUE

END

192
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qﬂ
R A SAMPLE RUN OF /wW2/
~ ‘N
3 Siab IN KAPPA, 30U iL SPEZD, INITIAL PRESSUSE
~ 104)13527.)8'300.
3 RFAn 11 7. AF TRAMENT>, RADIUS AF EXP.., 1AS3 27 SarlbL-FUck.
& Sk T
10 ey 2" esehaS,14)
17 1) T14% 1ITE='aL, 1aXI4341 TI4E
f‘. ;“:’:"‘05 -02
LT UTtadle Vall? YEssr 7=l
i
S 2AY JRM. 22E3..7 YES=L o=
i
th " 4. CALUULATI@? YES=1 10=2
N 2
R | 4AS CoiannCTERISTICS
-1 K vadsas W187E401 SAUND SPRED=.135207« ..
- DRroan s «503:.+04 PSI
) 21
—. VES339L CHARACTE.ISTICS
- RADI'iIS= L270E+32 1S, 4AS52 .a44a55+00 L33.=-5EC.Su./ 1,
1. F FRASIEITSE L 1)0T+03

*1D1TI NS

~(0)= Jasl7.

AR CAAIACTERLISTLIOS AF ATIAN 3F

o F=ciig = 5

;Qéj ' GOS0 2 W ede=01 o« 39E+0)
v JI0JE=Ui J517E-01 «543E+00
AR LIS =01 JS467-01  <600E+00
- e 20 M L576E~01 46 23E+0)
. 250 «305.=01 JHI2E 4D
¢ 30 0% - 637£-01 .636E+0)
J3ENF- 1 .671E-01 +637E+00
L40NE-01  .703E-01  ,638E+0)

«S00E-01

CASNE=-D ]

. 735E-01
.T76TE=-N1

«638E+00
«638E+0)

)i

X IRE

IRTREN RN I N

e TE 402
s 1HEE 012
L6327, 401
L202k+01
S e
LAN YT +00
. 124E+00
e275k=01
«297L-0N2
c144T-04

AR D ENNNR DI 103 XV

P-113R. 1A=

CIIRMALIZED)

DISCHARGE

« 10008 +1
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PRESSURE (N@RMALIZED)
T-NORM P-NORH

.S00E-02 .972E+07
L1003-01 .736740D)
L1535-91  .516Z+00
.PN0E-0i «357E+00
.2502-91 .258E+290
.30CE=-01 1312400
«250E=21 .0127_.+00
LA400E=N1  .9072-01
J450E-71 .AS2CT-01
W5NIF-01 . 174Z-01

FINAL VALUES

TI4E= .227E-03 SEC

DISTANCE= .160E+02 INS

YEL@CITY= .1561E+04 FT/SEC
ACCELERATIZN= .23SE+02 IN/53Q-SEC
PRESSURE= .379E+03 PS1

194
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APPENDIX E

COMPUTER PROGRAM ENTITLED /ROOT/ IN FORTRAN IV

Function: This program computes the root to the equation

8
PV p p |V
E = 00 (o] - (o]
%1 B B
00 cOo

(see Section I1.C) for the following input data:

(EN) Energy of explosion of reactants ft-1b

(V@) Volume of reactants in>

Variables: The definitior and units of the variables in this program are

given in the following table.

Program

Variable Variable Definition Units

XK " specific heats ratio

P Poo ambient pressure psi

A,B,C coefficients of the polynomial
APO-BPOI/K-C=0

ZN E Energy of explosion of reactants ft-1b

vO v volume of reactants ind

XS initial guess solution

M maximumn number of iterations

X desirz=d root psi

¥ v-alue of the equation at X

FP vaiue of the eqnation derivative at X

The subprogram entitled /ROOTN/ is described in the following:

195
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Newton’s Root Finding

This subroutine finds a root of an arbitrary differentiable equation F(X)=0 using
the Newton-Raphson iteration method.

CALLING SEQUENCE: CALL ROOTN(X,F FP,XS,EM,IFL)

Input: XS = initial estimate of root

€ = error tolerance

M = maximum number of iterations allowed
Output: X = value of root

F = function value at X

METHOD:

196

FP = derivative of function \alue at X
IFL = error flag

0 - if normal
1 - if no convergence in M iterations
2 - if derivative equals zero

Given a function f{x), find a root of f(x)=0 using an initial estimate x..

The iteration algorithm used is Newton-Raphson:

f(Xi)
X; +1= X; - ;
f (Xi’
WHETE f'(xi) is the derivative of f(x) evaluated at x;.

The procedure has converged if:

and if either:

Xiv 17%

Xi+1

| | <E when |x;4¢1>1
or:
|Xi+’-XiI<E when|xi+1|<1

where E is the user supplied error toerlance.

v, SO AN~ '-g




#
COMMENT:  The user supplies a SUBROUTINE subprogram XNFUN(X,F.FP.
: which computes f(x) and f'{x).

e o B » g o

L)

Reterrnce Hildebrana, £ B Introduction 10 Numerical Analysis . McGraw Hill
New York, 1956 pp 447 450

197




PROGRAM /ROOT/

ar'>

CAMMA] /ABC/ A,8,CLD

| £3IIMAT (2/,15H READ IN ENERGY)
S 2 FARMAT (E12.5)

3 SARMAT (27,150 READ IF VALUME)D
4 FAPMAT (27,411 EN=,E12.5,4X,4d V2=,E12.5)
5 TARMAT (2/,11Hd READ IN X3)
6
-

e+ an - TP

= RMAT (2/, 104 READ IN E)
FaMAT (2/, 101 READ IV D )
| n FIAMAT (12) . -
| ‘ 9 FIR1AT (27,34 X=,E12.5,4%X,3H F=,E12.5,4X,4d FP=,E12.5)
1 T3R4AT (27,1114 CALC. A3 7) '
; 11 SA3IAT (6H YES=1,4X,5% N2=:2)
f 12 =VIAT (27,41 A2=,E12.5)
| ‘ X<=1.2000
P=i4.7
Azl .0/P

= (1D /P xx(] 0/ KK)

TRITE (L, 1)

READY (9,2) B

WRITE (1,3)

READ (1),2) U

. TRAITE (L, 4 RN,V
C=(21a(N=1.0))/(PxUARL44.)
A I VAN O B L

LIRS L, 3)

Ty (M, 7y NS

URITE O (1,A)

R (N, 7

LT L, T

LEETUREEN R DIV I

CALL TATU (UL FLFPR, XS, Es 1, 1ITLD)
LT (L,9) X,FELFP

AT L, 1Y)

CITT o, L) -
NORESE B G IPRR D RS B9

[¥ =1y 29, 20,23

S Tyt s
- . o A - s

SRR I TR AR L EIVACLPRPRER DI
LT,y
ST

S ATIOv L LT, F )
iy /l‘:‘i-;,/ \113)'3;”

= le 2 D0

Va Ykl (Lo TR (1 D7) -0 ",
R e (et x (CLa D/ AR u=100)))

LT IR

rpny

1 4
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O‘DUOBL'TY OF THE ORIGINAL PAGE IS POOR.

1
SAMPLE RUN OF /ROOT/

'
% " =gADp IN ENERGY
‘ 3.35E05 .

READ IN VGLUME

7.82E-02

; EN= «33500E+06 ’ﬁez .78200E40!
i
i READ IN X5
i 1.0E08
i IEAD I B
\ . i
11
t

X= L398348404 F=  .12561E-00 FP= 4B59.75-1

- S ——

199




L

vy Y

W S P g e > G

CALCULATION OF "W GOODNESS OF FIT STATISTIC FROM REFERENCE 36

APPENDIX F

Table of Coefficients (a,_j+3) used in W test for normality for n =9

Step 1

’ Step 2

4 where

Step 3

Step 4

Step 5

1

200

0.5888, 0.3244, 0.1976, 0.0947

Rearrange observations for ordered Sample X, XZ' .- Xn from
percentile values in Table V

Compute

2 = n 2 LXi

s“= 5 xi-X)%= 1 Xi‘-(-fl)
i-1 i-1

'>E is data mean.

For when n is odd, set k = (n-1)/2 then compute

= - + - + + -
b An (xn Xl) An-—l (Xn-l XZ) Tt An-k+l (xn-k‘H Xk)
=¥ A
E P (X 1417 %)
bZ
Compute the test statistic W = >

Compare the calculated value of W with the percentiles of the
distribution of the test statistic. From Table X of reference 36,

n 1% 2% 5% 109, 50%
9 0,764 G.791 0.829 0.859 0.935

This table gives the minimum values of W that we would obtain
with 1, 2, 5, 10 and 50% probabilicy as a function of n, if the
data actually came from a normal distribution. Thus, small
values of W indicate non-normality.

Calculation of W Statistic for Fragment Parameters R, W, A, A/W

Event 1 Distance




Lo I
L3

4
>

e AT

I N - PSS T o T e

Normal Distribution

2
s? = 1,910, 052 -(392-2-9-) = 1,910, 052 - 1,707,377.778 = 202, 674. 222

b = 0.5888 (722-222) + 0.3244 (608-287) * 0. 1976 (521-331) +
,0947 (449-372)

b = 443. 1683

b2 = 196398, 1421
b% _ 196,398, 1421

w = Z 202, 674, 222

=.969

Log Normal

2
2 =326, 895411 - (54:14941195) - 356 g95411 -

9

325.7954239 = 1.0999871
b = 1. 045378098

b% = 1.092815368

2
w:P__=.993

S

Event 2 Distance (Normal)

s = 185, 405. 5556 b% = 182068. 623

b = 426.695 w

. 982

Event 3 Distance (Normal)

s? = 2,330, 136. 889 b% =2, 194,581, 81

b = 1481, 4121 w

. 942

Event 4 Distance

s = 628, 382.889 b2 = 616, 345. 7389

b =785.0769 w

.981




3

Event 5 Distance
s% = 1,748,338, 889
b = 1300, 255
Event 6 Distance
s% = 44172
= 208.9122
Event 7 Distance (Normal)
S2 = 47,296
b = 214,0407
Event 8 Distance (Normal)
s% =38, 674. 8889
b = 193.7642
Event 1 Weight (Ln Normal)
s2 = 4.02243396
b =1,959105363
Event 2 Weight (Ln Normal)
S2 =9,55743464
b =2,087710481
Event 3 Weight (Ln Normal)
32 = 8.308249
b = z.808424493
Event 4 Weight (Ln Normal)
2

S” =5,4833992

b = 2.328636257
202

b2 = 1,690, 633. 065
W =.967
b2 = 43644.30731
W =.988
b2 = 45813. 42126
W =.969
2 _
be =37, 544. 5652
w =.971
2 _
b2 = 3.838093823
W =.954
2 _
b% = 9.533956014
2 _
b% = 7.887248133
W =.949
2

b” =5,422546817

w =.989




Event 5 Weight (Lin Normal)
s% = 5.2896359
b = 2,207715255
Event 6 Weight (Ln Normal)
s% = 18, 40217547
= 4,27189715
Event 7 Weight (Ln Normal)
5% = 12. 28668662
=13,391847545
Event 8 Weight {Ln Norrmal)
s® = 16.56249558
b = 4. 018598852
Event 1 Area/Weight (Mormal)
sZ = 11, 152. 03556
b = 104, 89576
Event 2 Area/Weight {(Normal)
s% = 11639. 72
b = 105.62921
Event 3 Area/Weight (Normal)
SZ =1012. 18
b = 28.43535
Event 4 Area/Weight (Normal)
sZ = 1064, 262222

b = 29.01741

b At

b2 = 4. 874006647

w =.921

b2 = 18. 24910526

w =.992

b2 = 11. 50462977

W =.936

b2 = 16, 14913673

w =.975

b2 = 11,003, 12047

w =.987

bZ = 11157.53001

w =.959

b2 = 868.5691296

w =.799

2 842.0100831

o
1]

w =.791
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Event 5 Area/Weight (Normal)

s = 515. 8288889

b = 18.61245
Event 6 Area/Weight (Normal)
Sz = 16338.98741
b = 126.724354
Event 7 Area/Weight (Nu. .}
s% = 11,373.60751
b = 105. 1395562
Event 8 Area/Weight (Normal)
s® = 19,558. 42122
b = 138.6416769
Event 1 Area (Ln Normal)
S2 =65,4012421
h =2.317066189
Event 2 Area (Ln Normal)
s% = 29.313013
b =5.322848019
Event 3 Area (Ln Normal)
s% = 11.8267759
=3,380014318
Event 4 Area (Ln Normal)
s? = 116117262
b =3.350700597

204

b2 = 346. 423295

W =.672

o
"

16059. 6519

w =.,.983

o
u

11054, 32628

W =.972

b% = 19221, 51457
W =.983

b% = 5.368795724
W =.994

2 _
b% = 28.33271103
W =.966

2 _
L% = 11, 42449679

W =966

b% = 11, 22719449

W =,967




Event 5 Area (Ln Normal)
2

S” =5,5540099

b = 2.350202139
Event 6 Area (Ln Normal)

s = 15.45026354

b =3,821539598
Event 7 Area (Ln Normal)

5% = 13.00914442

b2 = 5. 523450094

W =.994

b2 = 14. 6041649

W =.945

b2 = 12. 86575672

b =3,586886773 W =.989
Event 8 Area (Ln Normal)
s% = 14.3944438 bZ = 14, 08282195
b = 3,752708615 W =.978
2, Calculation of W Statistic for Initial Velocity Distritutions
CBM LOZ-LH2
2 2

S = 4. 1582624

b =7.961656617
CBM LO,-RPI

2 _

$% = 2.217937

b = 1.449243666
CBGS LO,- LH,
s = 3,4304869

b = 1,827121225

b~ =3.848096683

W =.925

bz = 2.100307203
W =.947

2 -
b~ =3.338371974

3
]

- .973
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CBGS LO,-RP1 o

s2 \707618 b% = 1. 688272606 !

: b = 1.299335448 W =.989 3

i |
!

L B E LEN W
r——
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APPENDIX G

CALCULATION OF APPROXIMATE PROBABILITY FOR OB TAINING THE
CALCULATED VALUE OF "W"

For n = 9, from Table XI of reference 36, & =-2.968, n = 1, 400, € = 0.3900

iy AT 2P S

Approximate probability of obtaining the calculated value of W, assuming a
i normally distributed variable can be obtained by finding:

' _ €
i ‘ Z=Y+nln (lwf:—w.—)

/W - 0.3900
= . + AR i St
Z 2.968 + 1,400 In \ - W )

For W =.942

-2.968 + 1,400 1In ( 552) =.2.968 + 1,400 1n 9.517241379

z . 058

~2.968 + 1,400 (2.253105036) = -2.968 +3,15434705 =, 186347

Pr (z < 0.186) = .57
For W =.994
= 3,4885
Pr =.999

For W =.969

it Sl &R AT

z=113

A S

Pr =.871

R - T

For W = .,954

Z 054 1

P =,7054

The following values and table result from using the above methods.
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.921

. 9va

. 764
.7%1
. 829
. 859
. 921
. 935
. 945
. 969
.978
.988

b I
Z=-.3
Z =.186
Z =,268
z=113
Z=.540
Z=1,63
Z=2.628
& =3,4885

Suramazry of the Above Results

%

.010
. 020
. 050
. 100
.382
. 500
. 643
. 871
. 948
.99

P (2 -.3) =.382

P (25.186) =.574
P (2< .268) =.643
P(z< 1.13) = .871
P (2< .540) =.705
P (z< 1.63) =.948
P (zZ5 2.62) =.995

P (25 3.488) =9.99




APPENDIX H

COMPUTER PROGRAM ENTI'.i.ED /TEMP/ IN FORTRAN1IV

Function: This program computes the range of a fragment from the equations
described in Section IV.D for the following input data.

Sl

S2

S3

S4

™

FF

G2

Initial trajectory angle of fragment
Fragment drag coefficient
Ambient air density

Fragment mass coefficient (ratio of fragment
mass to tank mass)

Tank mass
Projected cross-sectional area of fragment

Fragment initial velocity

radians

1b-ft

ib- secZ/in.

. 2
in

ft/ sec

Variables: The definition and units of the variables in this program are given
in the following table.

Program
Variable Variable Definition Units
Sl 0 Initial trajectory angle radiars
S2 Cp Drag coefficient
S3 P, Air density 1b-ft3
air ‘
S4 Masgs coefficient
™™ M Fragment mass lbwsecz/in.
FF A Fragment cross-sectional area inz
G2 Uf Initial velocity ft/sec

P1

m The constant 7

Gravitational constant

in/sec




" e Ay st

Program
Variable Varviable Definition Units _
A
S5 The quantity 2A/ in
Sé6 c Coefficient defined in Section 1
IV.D. in
: S7 Vo Initial radial velocity ft/sec
: S8 \' Initial vertical velocity ft/sec
! z0
: 1/2
: S9 The quantity V__ (c/g) in.
¢ - 1/2
! S10 The quantity tan ! Voo (c/g)
: 1/2
v S1l The quantity 1/ (cg) sec
: . 1/2
‘ ; Sl2 The quantity cos tan”™ " V__ (c/g)
r S13 The quantity 2.0 LOG (1.9/512)
Sl4 The quantity 2.0 eS13 1.0
: i S15 T Time of flight of fragment sec
S16 R Fragment range ft
TR tR Time of rise of fragment sec
ZM Zm Maximum height reached by fragment in.
S17 The quantity 2.0 e’ Zm - 1.0 sec
..
‘. TF tf Time of fall of fragment sec
T T Time of flight of fragmnent sec
L" Sample runs: Substitution of the following data in the program yielded the range

values R (appearing in Figure (IH- 1) as X's). Thus, results of this program
are in accord with Oslake, et al.
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;/‘. "A.

e

e e e

1 1 1 | 1
= 5,00 ft/s
6: -1000ft/sec ]

L
[¢3)
<
2—. /-\ —‘
'-—
&
=
3
2 101 -]
L. — —
o | |
Lal
) 6 -
= | -
=
4t _

10

FIGURE HI1.

4 u. =500ft/s

2 i /\ i
]

1

i

=100ft sec

0 60 90
ANGLE OF ELEVATlON 8, degrees

FRAGMENT RANGE VERSUS FLLVATION ANGLE
FOR CONSTANT _W__ =100 LB/FT%, AND
CONSTANT u, CA
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Sl =

S2 =

S3 =

S4 =

TABLE H-1 - DATA FOR PROGRAM CHECK

43.3° G2 = 100 ft/sec

1.2 500 ft/sec
-2 3

7.48 x 10°% 1b/ft 1000 ft/sec

1.0 5000 ft/sec

FF = 4.52 x 107 in’

™ =6.2 lb-seczli.n.

2

R =2.89x 10” ft

3.19 x 10° £t

5.50 x 10° ft

1.09 x 104 ft

A sample run for the case in which a "'mean'' fragment fror test 062 of PYRO
was considered lCD = ,750) is given in the following.

212

READ IN TRAJ. ANGLE
12.77

RFAD IN DRAG CR@EF. AND AIR DENSITY
075070485"02 '

READ IN FRAGMENT MASS COEF.
1.0
1.0

RFEAD IN N@. @F FRAGMENTS

FRAG. MASS
‘ .76F‘0a

FRAG. PROJ. AREA
S.7T7TE02

INITIAL VEL.
7 .41E02

AMRIENT AIR DENSITY= .748E-01 LBS./CUBIC

FT.




o

e s e a7 A

ATR NRAG COFF .=

FRAGMENT MASS COEF .=

TRAJECTARY ANGLES=

CHFCK =
722 .6715304
163 .7890692
2.956115468
1 eR 44598802
. SR3B84F +01

MAX TMUM RANGF=

« 52384E+01
*STAP*®

73AT (27, 20H READ

FoIAT (212.5)
-~ 1aT (37,354 READ 1IN DRAS CATF. AMD AlR DENSITY)
N GRIOS I ERE D)
PR GV IR TP VO I FAn4ENT 1AZS5 CIEF )
1T (4, 35 S UIDITINS O TR JZCTIRY)
4T (/7,21 ai3IENT AlIR Loade/u N

AT (/5 15H
O o

AIR

NDRAG €
F13.0570T 1as83 ©

«71SOF+00

« 100F +01

. 1R8F+02 NFEGRFES

«RT7S5F=-01

.353E+03 FT.

IN TRAJ. ANGLE)

DENSITY=,ul0.3, 174
F'=)El'~’)l3) ,
Tz, 21 2403)

(RS

£

T/, 13 TRAJESTIRY ANGLe=,101063, 54 JEGRELES)
1 T (37,94 CHECX C=,"1):¢3)
ST (37, 15 AU IR, E1003,4i FTW)
T2/, % READ TN 7. 1T FRAGUENTS)
Ph T (27,17 FRAG. PRAJ. adna)
ST (/.11 Tan.e T1ASS)
= (s, 30 TIITIAL Yo

S I R R
!

(1,300
¢, 31
Ps vl
Y R D YACEE L )
1,301
¢, 200y 32,33
1,30
(,37)01) 54
(1,301
c, 3Ny F
1, 220
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READ (0,3Q01) T™
YRITE (1,201
READ (0,3001) FF
WRITE (1,202) -
READ (0,3001) Ge
WRITE (1,304) S3 b
WRITE «1,3e% s2 ;
WRITE (1,306) 5S4 |
WRITE (4,307 351 '
S5=2(2.0%x(FF/PI)) i
56=<0.5*(((SS/GR)*SS*SZ)/(Sa*(TM/FN))))/(l2.0t~3,0)
WRITE (¢1,3071) 56 .
S7=G2%xC3S5((2.0%P1)»*(S1,/360.0))

SBa G2#SIN((2.0%xP1)%(S51/360.0))
S9=(SE&*((S6/GRY*%x0.5))*(12.0)

S10=ATAN(S9)

S11=¢l.0/(S6%xGR))I*k*T 5

$12=CA5(510)

513=2.0%xALAGC1.0/512)

314=(2.0%EXP(513))-1.0 .

315=Sl1*(SlO+(0.5*AL7’G(Sl4+(((Sl&**Z.O)-l«Q)**O.S))))
URITE (1,3001) SIS

S16=(1.0/36)%ALAG(1.0+(36%57%xS1\5%x12.0))
S1A=816/12.0 ’
TIITL (1,303) S15

TR=31 L <ATAT(S)

P12 (] W0/ 5A) ®ALAG (1 «0/CASC(TR/S11))
S17=(¢2.,)%5X2(2,0%x56%ZM))=1.0

TF=0.5%51 I xAL3G(317+(((S17%%2,0)=1.0)%%x0.5))
T=T7+7TH

TRITE (1,301 7

ONY)

i «

TReRws TRE ¥ L e

-

B N A

g~y
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Szmb ol

a, a
' o

a,b,c,d

b

4 AT s AT Uy e AT

d,D,D
o

ch, ch

s t.T,Ti,"'
u, us.U. UI’

Ui' UA' Um

APPENDIX I
LIST OF SYMBOLS

Definition
Sound speed
Parameters in a math model
Time constant of blast wave
Diameters
Distances to cameras

Acceleration of gravity, nondimensional
displacement

Gonvective heat transfer coefficient, segment
height

Height of explosion center

Discharge coefficient, constant in fragment
drag equation

Generic length

Numbers of fragments
Ambient pressure

Drag pressure
Displacement of a fragment

Times

Velocities

* Units used are force (F), length (L), mass (M), time (T) and

rather than dimensions in any particular physical svstem.

#% A dash in the unite column indicates a dimensionl: 38 quantity,

L8

v

FL”

LT

temperature (9),

215




Definition

Crack width

Mixing function

Coordinates of fragments

Yield Fraction

Areas

Mass of explosive charge or confined gas
Drag coefficient

Energy of reactants

Projected area of i fragment

Dimensional parameters fixed by nondimen-
sional groups

Heats of explosion
Heats of fusion

Heats of boiling

Blast wave impulees
Thermal conductivities
Tank length

Masses

Peak pressures
Distance from accident
Universal gas constant
Displacements

Temperature

™

L

various

2 -2




- —

Vv, Vo, Voo, VR,
VH' Vui
W, W ,W_,

r m

w w

TNT' T
g

XA,YA; Xl’

o

MR T

Definition

Volumes

Weights of propellants, explosives, reactants.

Also, fragment weight

The '""W'' statistic
Displacements and distances
Blast yields as percents of TNT
equivalent

Scaled blast pressures

Scaled shock velocity

Average displacement
Predicted mean fragment range
Coefficients

Angle

Coefficient

Average vertical displacement
Elevation angles

Temperatures

Ratio of specific heats

Scale factors

Statistical means

Kinematic viscosities

%
Units

various

.2 71
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Smbol
g€
b1l
Py Py P
(OCP)i
: o
: C
u
$
v, ¥

218

Definition

Time ratio

Crack length

Densities

Volumetric heat capacities
Stefan-Boltzrmann constant
Standard deviation of velocity
Solid angle

Azimuth anglea

ML~ T-20-1

MT> 0-4
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